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ABSTRACT 
This work focuses on two main subjects: first, the development and validation 
of a robust generic performance code for industrial gas turbines (GTSI) and, second, 
the study of an innovative carbon dioxide/argon semi-closed cycle burning low 
calorific gas coming from coal gasification. GTSI will be able to simulate open, 
closed and semi-closed cycles at design and off-design conditions. 
A comprehensive thermodynamic study of the properties of the most common 
working fluids has been carried out, introducing the results in GTSI for a wide range 
of temperatures and pressures, being easy to add other gases. 
To make the code very general, in addition to gas turbines conventional 
components, such as inlet, compressor,, intercooler, regenerator, combustor, turbine 
and exhaust system, GTSI can model evaporative intercooler, steam injection and 
reheat. The possibility of variable geometry was introduced in the compressor, steam 
injector and turbine modules. Given the high temperatures in modem and future 
turbines, a detailed cooling system modeling has been developed, being able to 
predict cooling flow requirements according to different technology levels. The 
control of the complete power plant has also been considered in detail, allowing the 
user to select among different options. The code incorporates a simple steam turbine 
bottoming cycle for a preliminary analysis of the combined cycle arrangement. In 
addition to the conventional off-design simulations it is possible to carry out studies 
involving engine deterioration and modification, or substitution, of components. 
A validation process was carried out using different gas turbine arrangements. 
The result has been satisfactory, although additional configurations should be 
examined when more data is available. 
As a direct application of GTSI, the conceptual design of the carbon 
dioxide/argon semi-closed cycle was conducted. Several key performance factors 
were considered in this study, such as the working fluid composition, the gas turbine 
arrangement and the cooling technology. Other main parameters were selected 
according to the state-of-the-art technology. Advanced concepts such as cryogenic 
precooling and turbine stator internal cooling, together with improved component 
efficiencies and higher temperatures were contemplated for a mid-long term future 
design. The results obtained for the conventional cycles have not been very 
promising, with slightly better values for the advanced cycles. Five of the most 
interesting cycles were selected for off-design studies, evaluating the part-power 
behaviour, the variable geometry requirement, etc. To complete the investigation, the 
starting sequence of one of them was performed. Also, considering the possibility of 
using existing turbomachinery, designed for air, in a semi-closed cycle pilot plant, the 
operation of several gas turbine configurations was analysed. 
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INTRODUCTION TO THE 
INDUSTRIAL GAS TURBINE 
INTRODUCTION TO THE INDUSTRIAL GAS TURBINE 
]. I. INDUSTRIAL GAS TURBINES 
1.1 
The gas turbines, developed in the late 30s and early 40s as aircraft propulsion 
systems, have contributed largely to the rapid growth of aviation. However, aircraft 
propulsion is not the only application of the gas turbines, and the industrial market 
constitutes one of the most interesting and profitable areas where these power plants 
can be employed. Thousands of units in service and hundreds of millions of hours of 
reliable and safe operation constitute the best credential for this well established 
technology, that entered into production in 1939 with the first successful industrial 
gas turbine, a4 MW open cycle machine, designed by Adolf Meyer and built by 
Brown Boveri. The same year Jacob Ackeret and Curt Keller designed a closed cycle 
using air as working fluid. That machine, rated at 2 MW, produced electricity for 
over 6000 hours, with a thermal efficiency of 32.6% and a turbine entry temperature 
(TET) of 650"C. However, prior to these successful engines, there is a long and, 
sometimes, frustrating path. 
1.1.1. THE EA RL Y YEA RS 
The first patents for a gas turbine engine by John Barber in 1791 did not 
materialise into a working device. At the end of the XVIII century, J. F. Stolze 
designed a hot air turbine, built eventually in the period 1900-1904. However, this 
was an unsuccessful project, and no net power was obtained. Several other 
experiments took place in the same period, with the same results. However, in 1903 
the Norwegian Aegidius Elling developed the first engine that produced real net 
work. It had a six stage centrifugal compressor, with variable angle diffuser vanes 
and water injection between stages, followed by a combustion chamber and a heat 
exchanger to produce steam, that was mixed with the combustion products prior to 
the expansion, and finally an axial impulse turbine. The TET was around 4001C and 
the net power 11 HP. One year later Elling built a regenerative gas turbine, with a 
TET 100*C higher than the first one, and a net power of 44 HP. The door for a new 
technology was open. 
In 1905 the company formed two years before by the French Charles Lemale 
contracted Brown Boveri for the design of a centrifugal compressor with an overall 
pressure ratio of three, in ... 25 stages!!. The isentropic efficiency of this component 
was about 65-70%. The net power should have been negative with the TETs 
employed then. However, the TET achieved was exceptionally high, 1800'C, ' with a 
Even at the present time this temperature has not been reported in any production gas turbine, and 
perhaps only the most advanced demonstrator engines have achieved peak temperatures of this 
order during tests. 
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1.2 
carborundum lined combustor and a steam cooled turbine. ' The thermal efficiency of 
the machine was a poor 3.5 %. 
Important efforts were made during the first decades of the XX century by Hans 
Holzwarth, Sanford Moss, Glenn B. Warren, Adolph Vogt, Barbezat, Karavodine, 
Hugo Junkers, Aurel Stodola, etc. 
From the end of the Second World War a huge investment, in terms of economic 
and human resources, has been made in the industrial gas turbines. The results are 
evident: combined cycle power plants (CCPP) with thermal efficiencies higher than 
55 % and output of 2500 MW or more can be found in many countries. The 
development of larger, more efficient and cleaner aero engines has also contributed to 
the industrial market. Simple cycle aeroderivative gas turbines with efficiencies over 
40% are already in operation. The future of the gas turbine is, apparently, 
exceptional, although in most' areas there are technological details that can be 
improved considerably. 
1.1.2. CHARACTERISTICS OF THE GAS TURBINE POWER PLANTS 
Industrial gas turbines can be classified in many ways: 
9 Type of gas turbine cycle: 
1. Open cycle: the working fluid is air taken from the atmosphere and rejected 
after the completion of the cycle. The air can be heated either in a 
combustor (in most cases) or in a heat exchanger (not very frequent). 
2. Closed cycle: the working fluid can be whatever substance appropriate for 
the Brayton cycle. The heat is added employing a heat exchanger. Hence, 
after the necessary precooling, the fluid can be recirculated. Only a few 
have been operated, despite the large variety of possible applications: 
submarine propulsion, space power, etc. 
3. Semi-closed cycl : the working fluid must be one that the combustion 
products of the fuel with the required oxidizer are the same as the working 
fluid, plus other that can be removed from the cycle before its completion. 
Like the closed cycle, this one also requires precooling to return the 
working fluid to its initial condition. As the heat addition is done using a 
combustor, there is always an excess in mass flow that must be 
continuously removed. This concept is still in its early stages and, from the 
knowledge of the author, no operative machine has been built. 
2 The idea of steam cooled turbines was revived in the 60s, although the enormous problems found 
delayed the entry into service of this concept until the mid-end of this decade with the General 
Electric Frame 9H (S-109H & S-107H). 
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e Power plant arrangement: 
1. Simple cycl. C: The gas turbine is the only power system of the plant. In 
addition to the conventional configuration (compressor, combustor and 
turbine) it is possible to have also intercoolers, evaporative coolers and 
regenerators. In some advanced concepts reheat has also been introduced. 
2. Combined rycck: there are two or more cycles that generate net power. The 
most common one has the gas turbine as the topping cycle and the steam 
turbine as bottoming cycle. The criterion for the cycle selection is the 
operational temperature: the exit temperature of the topping cycle must be 
the highest temperature of the bottoming cycle. For example, the gas 
turbine could act as the bottoming cycle of a magnetohydrodynamic 
machine operating at very large temperatures (3000+ K), provided that the 
heat exchanger can resist them. 
3. Steam illiection gas turbine: the exit heat is employed to produce high 
pressure - high temperature steam, that can be introduced in the gas turbine 
either at the exit of the compressor, in the primary zone of the combustor 
or after a partial expansion in the turbine. It is difficult to classify the steam 
injection machines either as a simple or a combined cycle, because they 
have common characteristics with both. 
e Gas turbine general arrangement: 
1. Single sl2ool (One sl2ool - one shaft): the compressor/s, turbine/s are in the 
same shaft. The power is extracted from this shaft. 
2. Single spool with free power turbine (one spool - two shaft): the 
compressor/s and the turbine/s that produce the power for the compressor/s 
are in one shaft. The turbine that drives the load is located in other shaft. 
3. Two or more spools (two spool - two shaft.. ): the compressors and turbines 
are in more than one spool. The load is usually driven with the low 
pressure spool, although there are exceptions. 
4. Two or more snools with free nower turbine (two snool - three shaft... ): 
the compressors and turbines are in more than one spool, and the power is 
extracted from a free turbine located, typically, at the low pressure end of 
the machine. 
9 Origin of the machine: 
1. Heayy dutY: the machine has been specifically designed for industrial 
purposes 
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2. Aeroderivative: the, engmine was initially designed for aircraft propulsion 
and, later, with the necessary modifications, was converted for industrial 
applications. 
s Frequency of use: 
1. Peak load: with 1000 hours of operation per year or less 
2. Intermediate load: with 1000 to 4000 hours of operation per year 
3. Base load: with over 4000 hours of operation per year. Typically the base 
load gas turbines operate for over 8000 hours, driving electricity 
generators, compressors, etc. These machines must have high reliability, 
availability and maintainability, with very low fuel consumption. 
* Application: 
1. Power only: including electricity generation and compressor drive. The gas 
turbine exit gases are either rejected to the atmosphere or employed to 
produce steam for a bottoming cycle or for injection in the gas turbine. 
2. Combined heat and power (CHP): the exit gases are typically used to 
generate steam for district heating or processes. 
* Fuel employed: 
1. Natural gas (mainly methane) 
2. Clean distillate liquid fuels (Diesel Fuel No. 2, etc. ) 
3. Residual fuels 
4. Coal derivative fuels (low calorific value synthetic gas) 
5. Other fuels (hydrogen is proposed frequently for future machines) 
1.1.3. THE EMISSIONS ISSUE 
Emissions regulations are becoming more and more strict. The EPA Standards 
for Stack Gas Emissions constitute the most common laws, although several countries 
or states have their own, and sometimes more severe, regulations. 
The EPA specifies that the NOx emissions must be kept below 75 ppm, with 
special allowances for amount of N2 in fuel and gas turbine efficiency, which may 
total as much as 65 ppm. In the case of oil field and pipeline service the emissions 
can be as high as 150 ppm. The S02 emissions must be under 150 ppm or 0.8% of 
the maximum sulphur in fuel, with no CO or opacity allowed. - 
The efforts to abate NOx and CO emissions over the whole operating range 
involve an extremely important budget for gas turbine manufacturers. Since the early 
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80s, when rich bum/rapid quench was introduced, the environmental impact of 
industrial gas turbines has been continuously reduced, as shown in figure 1.1 for 
NO, emissions. 
REDUCTION OF NOx EMISSIONS EMPLOYING DIFFERENT 
TECHNOLOGIES 
300 
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E 150 
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Figure 1.1. Reduction of NO., emissions over several different technologies 
Water and steam injection started to be employed in the mid 80s as a mean of 
reducing NOX emissions, caused, basically, by the high combustion temperatures 
[29], [128]. However, water injection has the disadvantage of thermal efficiency 
reduction and increase in CO and unburnt hydrocarbons (UHQ emissions. Steam 
injection increases the efficiency and power output, but still carries the same 
problems with CO and UHC. In addition to these deficiencies, both concepts need 
additional pipework and plant size, as well as a continuous supply of clean distillate 
water. 
The latest combustor development works involve, in most cases, fuel staging, 
both in parallel and series. With these concepts levels of NO,, below 25 vppm have 
been demonstrated, with similar figures for CO [29], [80] and [142]. 
In series fuel staging, at full load, a portion of the fuel pre-mixed with air is 
injected into the primary combustion zone. Additional fuel pre-mixed with air is 
injected downstream of the primary zone, into the secondary zone, and some may be 
burned in tertiary or quaternary zones. Rolls Royce (RR) selected this solution for the 
new Dry Low Emission combustor (DLE) [29]. 
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 
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In parallel fuel staging, a large number of lean pre-mix burners are used. As load 
is reduced a certain number of injectors are shut off, while the others remain at full 
fuel flow. Lean pre-mixed technology is generally fitted to this type of combustors. 
In the case of an experimental General Electric (GE) combustor [80], the variable 
geometry closes the air flow into the regions where the fuel flow has been shut off. 
A common concept in both, parallel and series fuel staging, is the lean premixed 
combustion. This technology has demonstrated that NO., can be independent of gas 
pressure, combustor inlet temperature and residence time [80]. In conventional 
combustors NO, increases with these three parameters. The only factor is then the 
flame temperature, with an exponential influence. Therefore, high pressure ratio 
machines, with a high combustor inlet temperature, such as the aeroderivative gas 
turbines, can be employed without any disadvantage in terms of pollutant emissions. 
At the same time, combustors with large residence time can be designed to achieve 
low CO and UHC figures. 
1.1.4. THE FUTURE OF GAS TURBINES 
The advantages of the gas turbine over the competitors, specially oil or coal fired 
steam turbine or nuclear power plants, are clear, and cover the most important areas 
for both, operators and clients. It is important to note that before the mid-late 80s all 
the large power plants were based on steam turbines, ' with the gas turbine systems 
used for emergency or peak load. Since those dates most of the new base load plants 
are based on gas and steam turbine combined cycles. 
The size of the power plants has been reduced, as well as the period of 
construction and delivery of the complete system, and economic investment, in 
comparison with the old coal and oil fired steam turbines and nuclear reactors. 
Less than two years for a simple cycle gas turbine, around three for a combined 
cycle plant, five or six for a large coal/oil fired and ten to twelve years for a 
nuclear plant, are typical figures. 
Reliability, availability and maintainability offered by gas turbines are better 
than any other system. The outage periods are lower and less frequent and, in 
some cases, failures are solved in less than a day. The use of natural gas has 
helped to the increase in the availability. 
* Safety of the system is also better than in nuclear or oil/coal fired steam turbines. 
The other system, not included here, is the hydroelectric. The main reason for the exclusion is the 
difficulty in building new dams. Not only the most suitable locations already have dams, but also 
the public response to new ones is always a factor of concern. 
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Performance, based mainly in thermal efficiency, is larger than in nuclear 
reactors (typically around 30%), and steam turbine cycles (up to 49% in the most 
advanced cases). For combined cycles figures around 55% are not difficult to 
find, with 42% for simple cycles. In the case of CHP it is possible to obtain a 
global efficiency of 80-85 %. 
Envirommental aspects are clearly against the nuclear reactors, with the 
programmes stopped in most of the countries, and plants being shut down. The 
emissions of oil/coal boilers are also worse than in gas turbine combustors. 
Operational and transient response. A decade ago, over 300-400 people were 
required to run an oil/coal fired or nuclear plant, while now under 30 people are 
needed for a 2000 MW CCPP. In terms of response, and just as an example, the 
Steam Plant Recommended Performance establish a rate up to 2% per minute over 
a2 hours period from 100% to 50% of the power and vice versa. In the case of a 
simple cycle heavy duty gas turbine times around 5 minutes can be achieved 
between the starting, acceleration to synchronous idle and loading up to full load. 
Considerably shorter periods can be obtained for the aeroderivative machines (of 
the order of 30 sec. ). 
As described in the first pages, water and steam injection, new advanced 
combustors, reheat systems, steam cooling, new materials and manufacturing 
processes have been introduced in the last generations of industrial gas turbines. A 
key issue for the success is that all of these advanced technologies have been 
implemented in the gas turbine without decreasing the reliability and availability of 
the machines. In some cases, the aero engines have performed as test beds for their 
industrial derivatives while, in other cases, thousands of severe test hours before a 
component enters service ensure its satisfactory behaviour. 
The forecast for industrial gas turbines is now excellent. Even in the early and 
mid 90s, when the recession affected the aircraft industry, and consequently the aero 
gas turbine world, its effect over the industrial gas turbines was relatively low. 
1.2. NEED FOR ACCURATE PERFORMANCE SIMULATION 
PROGRAMMES 
Given the considerations made in the first section, the need for accurate 
simulation programmes for existing machines, for possible improvements and 
modifications of gas turbines already in operation, fault diagnostic analysis and future 
advanced cycles is evident. 
Improvements and modifications, such as the introduction of steam injection in 
new and also in existing machines, new closed cycles operating with different gases 
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and mixtures of gases, semi-closed cycles, industrialisation of aeroengines, etc., need 
to be simulated to be able to make a clear performance assessment that, together with 
other operating considerations, must be understood. 
, For these purposes two new programmes were developed by the author. The first is an optimisation code and the second is a design, off-design and transient 
performance code, called GTSL Both were validated using different existing gas 
turbines and other data available to the author, although only for steady-state. For the 
transient case, where almost no validation data was available, future development will 
be - needed, specially for configurations where heat exchangers, regenerators, 
bottoming cycles and, ý in general, components with a very large heat storage capacity 
are present. However, due to this characteristic, the transient behaviour of these 
systems is frequently considered, from the gas turbine point of view, as a sequence of 
steady-state simulations . 
During the development of the codes five features were considered very 
important: 
The first one was to built robust programmes capable of simulating most of the 
existing industrial gas turbines, with minimum modifications accounting for 
different efficiency correlations, control laws, etc. Combined cycles have been 
also included, although the steam turbine has been modeled in a simplified way. 
The second point is the growth capability of the programme. If the study 
requires, for example, a detailed steam turbine simulation, not included in the 
available code, it should be possible to link the adequate steam power plant 
simulation programme with minimum effort. 
The third one was to give special attention to the turbine cooling bleed 
calculations, to be able to make an accurate assessment of the performance impact 
employing different technologies, evaluating the losses inherent to the cooling 
system. 
The fourth is to have a code able to simulate closed and semi-closed cycles. Very 
little attention has been paid to closed cycles, although the possibilities for actual 
and future applications are very interesting, as mentioned in 1.1.2. In the case of 
the semi-closed cycle, a study sponsored by the EEC, under the JOULE II 
programme, has been carried out, and very promising results have been obtained 
for a completely new cycle, where the author has focused the attention in the 
performance studies for both, design and off-design simulations. 
Finally, the possibility of modifying an existing gas turbine, adding new 
elements and maintaining some others. Examples of this feature could be the 
industrial isation of an aero engine, the introduction of steam injection, mass flow 
and power growth by changing the compressor and/or turbine, etc. 
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The industrial gas turbine market is, probably, among the most competitive ones, 
with several machines in the different power ranges offering each one different 
advantages and, apparently, very small differences. After a lengthy period of low 
activity, focused mairdy in the peak & emergency power, in the late 80s and early 
90s the activity started a slow recovery, and, for example, in 1992/93 one of the 
largest aero engine companies had 40% of the revenues coming from its industrial 
branch. 
Forecasts for the market predict revenues of around $45,000 million (in 1995 US 
dollars) in the next decade. Almost 75% of this $45 billion will be for the electric 
power generation, and the rest from mechanical drives and marine propulsion, as 
indicated in figure 1.2. Figures 1.3 and 1.4 show the break down of power range for 
the electric power generation and mechanical drive machines respectively. 
INDUSTRIAL AND MARINE GAS TURBINE REVENUES FOR 1995-2005 
(MILLIONS, 1995 US$) 
Mechanical Drives/ 
$7,000 
Marine Propulsion! 
$3,50 
Electric Powef 
Generation/ $34,000 
Figure 1.2. Forecast of revenues in the industrial and marine gas turbines for the next decade 
1.10 
INTRODUCTION TO THE INDUSTRIAL GAS TURBINE 
BREAKDOWN OF THE ELECTRIC POWER GENERATION MACHINES 
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Figure 1.3. Break down of the revenues for the next decade in the power generation gas turbines 
BREAK DOWN OF THE MECHANICAL DRIVE MACHINES 
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Figure 1.4. Break down of the revenues for the next decade in the mechanical drives gas turbines 
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In the next pages the list and technical data of actual industrial gas turbines in 
both, simple and combined cycle, is provided. 
Several observations can be made from historical trends in simple cycle gas 
turbine technology: 
Continuous increase in thermal efficiency (fig. 1.5). 
Increase in turbine'entry temperature during the 50s and 60s, and maintained in 
almost the same range of values since 1970 (fig. 1.6). It is important to note that 
these temperatures are for base load operation with clean fuels, mainly natural 
gas. Values up to 100-150"C higher can be found for peak load with the same 
fuel. 
" Wide range of pressure ratios (from around 5 to over 30). The correlation 
between pressure ratios and thermal efficiency is clear (fig. 1.7). The largest 
values correspond to the aeroderivative machines. 
" Continuous increase in power output (fig. 1.8). 
" Correlation between thermal efficiency and specific power output (fig. 1.9). 
" Important increase in the number of machines, showing a favorable market trend 
for the gas turbines in the whole range of powers. 
Similar observations can be made for combined cycles: 
9 Continuous increase in thermal efficiency (fig. 1.1 Oa and 1.1 Ob) - 
e Important growth in thermal efficiency relative to the simple cycle (fig. 1.11) 
Continuous increase in power output (fig. 1.12), with packages where 2,3 or 4 
gas turbines are employed. It is important to note that there is usually a small 
improvement in thermal efficiency when using this strategy compared with the 
single gas turbine arrangement. 
Correlation between gas turbine power and steam turbine power (fig. 1.13). 
Increase in the number of machines, showing a favorable market trend for the gas 
turbine in the whole range of powers. 
1.12 
INTRODUCTION TO THE INDUSIRML GAS TURBINE 
TABLE 1.1: SIMPLE. REGENERATIVE, INTERCOOLED AND STEAM INJECTED GAS TURBINE CY CLES 
year P0. w "am Itate Press. plat-0 Mass ftw EaT TET Efficiency SPO 
RAW) IOTUANW-N Ike/$I IKI W 1%1 IkW/ko/*) 
Ass 
MARS (HD) 1977 s. W 10.990 16.0 37A9 739 1330 31.04 237.7 
GT 35 (HD) 11968 16.900 10.670 12.0 92.08 647 1092 31.98 183.5 
GT 35 (COW) IN[)) 1986 18.950 10.500 13.0 92.09 682 1171 32.49 205.8 
GT 10 (HD) 1981 21.650 10.470 13.6 78.02 790 1371 32.59 280.1 
GT 8 (HDI 1984 47.100 10.800 16.3 176.90 796 1438 31.59 266.3 
GTSC IND) 1995 52.800 9.920 15.7 179.00 790 1415 34.39 295.0 
GT 11 (HDI 1971 71.900 10.970 11.0 294.85 793 1312 31.10 252.4 
GT IIN (HD) 1987 $1.600 110.660 12.4 310.26 788 1339 32.01 263.0 
GTIIN2 (HDI 1994 115.500 9.780 15.0 375-00 79? 1413 34.69 308.0 
GT 200 (HDI 1977 93.000 9. BOO 10.0 347.00 34.91 268.0 
GT 13 (HDI 1970 98.900 10.660 12.5 405.96 762 1298 32.01 243.6 
GT 13E (HDI 1983 147.900 9.850 13.9 491.24 789 1376 34.64 301.1 
GTl3E2 (HD) 1996 165.100 9.650 14.6 532.00 797 1405 35.73 310.3 
GT24 IND) 1996 166.000 9.000 30.0 378.00 883 37.91 439.2 
GT26 IND) 1996 241.000 8.930 30.0 545.00 683 38.21 442.2 
ALLIED SIGNAL (former TEXTRON LYCOMING) 
IMS31-800 (AE) 1972 0.505 16.400 11.0 3.58 772 1236 20.80 140.9 
IMS31-800 (AE) 1972 0.520 16.150 11.0 3.58 772 1238 21.13 146.1 
AS1042 IAEI 1996 9.000 9.800 21.1 32.40 788 1584 34.81 277.8 
AS4055 IAE) 1993 3.999 8.960 8.4 12.76 e" 1316 38-08 313.4 
TF-1 5 090 (HDI 1985 1.491 145 
TF-25 IAE) 1970 1.864 15.070 6.5 9.98 87i 1241 22.64 188.8 
TF-35 (AE) 197S 2.610 13.160 7.0 11.80 878 1298 25.93 221.2 
TF-40 (AE) 1975 2,950 12880 8.4 12.70 883 1333 26.49 232.3 
TF50 (AE) 1998 3.872 11.256 11.0 14.56 $95 U81 30.31 265.9 
ALLISON GT 
S01-KB3 (AE) 1977 2.840 13.136 9.3 12.90 939 1338 25.97 220.2 
501-K84 (standby) (AE) 1980 4.330 11.697 9.3 15.60 896 1429 29.17 277.6 
501- KOS IAE) 1982 3.924 11.304 10.1 15.47 $35 1308 30.18 253.7 
570-KA IAE) 1979 4.577 11.528 12A 18.60 936 1413 29.60 262.2 
571-KA IND) 1986 6.910 10.067 12.7 19.64 Boo 1378 33.89 300.9 
501-KH (steam injl IAE) 1986 5.940 8.645 11.8 17.92 798 1255 39.47 331.6 
501-KB5S (AE) 1992 4.100 11.570 10.1 15.60 852 1312 29.49 262.0 
501487 4AE) 1996 5.220 10.826 13.4 20.20 oil 1322 31.51 258.4 
ALLISON 501-KB-9 (HD) 1998 6.700 10.124 15.0 23.60 802 1466 33.70 283.9 
ALLISON 601-XB-1 I (NO) 1999 8.200 10.035 20.0 30.10 777 1494 34.00 272.4 
ALSTHOM GT 
PG 5371 IND) 1987 26.300 11.820 10.2 122.47 756 1230 28.86 214.7 
PG 6541 IND) 1978 38.340 10.860 11.8 136.53 $13 1377 31.42 280.8 
PG 9161 MOI 1978 116.900 10.310 12.1 403.24 $02 1377 33.09 289.9 
PG 9281 (HD) 1991 212.200 9.995 13.5 600.10 $0 1533 34.14 363.6 
ANSALDO 
V64.3 WD) 1988 63.000 9.665 16.1 192.00 904 1449 35.30 328A 
V64.3A (HD) 1994 70.000 9.270 16.6 194.00 838 1520 38.80 360.8 
V94.2 (HD) 1988 103.2DO 10.220 10.7 349-26 813 1337 33.38 295.5 
V84.3 IND) 1991 139.000 9.555 15.6 412.77 807 1444 35.71 336. e 
V94.2 IND) 1974 159.000 9.890 11.0 619.00 813 1346 34.60 306.4 
V94.3A (HDI 1996 240.000 8.980 16.6 640.00 $35 1515 37.99 375.0 
CENTRAX GT 
CX62 (AEI 1983 3.731 12.264 9.3 15.42 Boa 1308 27.82 241.9 
CX 350-KB5 (AE) 1980 4.617 12.184 12.1 19.05 878 1484 28.00 242.4 
CX571 4AE) 1985 5.520 10.591 12.7 19.50 82? 1413 32.21 288.1 
COOPER ROLLS 
COSERAA 2000 IAE) 1964 14.620 11.850 9.2 77.56 703 1149 28.79 188.5 
COSERRA 6000 IAE) 1974 24M 9.575 20.0 89.91 739 1437 35.63 277.7 
DEUTZ MWM 
TA 216 IND) 1955 0.080 30.925 2.8 0.91 923 1133 11.03 88.2 
KA 215 WD) 1978 0.220 18.872 0.0 1.81 791 1252 18.27 121.3 
KT 215 (HD) 1978 0.427 19.1" 9.0 3.64 791 1252 17.82 120.7 
KA 123 (HDI 1979 0.700 15.888 9.0 4.90 766 1213 21.47 142.9 
KA 134 (HDI 1978 1.177 15.697 8.0 7.85 778 1200 21.74 150.0 
KA 334 (HDI 1982 1.470 16.961 9.2 9.07 Ole 1301 20.12 162.0 
LA 136 IND) 1976 1.812 15.200 6.5 9.62 $73 1287 22.45 188.4 
KT 134 (HD) 1979 2.260 16.187 8.0 15.69 778 1200 21.08 144.0 
KT 334 (HD) 1982 2.824 17.484 9.2 17.96 Big 1301 19.51 157.2 
LA 237 (HD) 1970 2.900 12.911 8.4 12.47 883 1377 26.43 232.5 
CA 135 (HD) 1979 3.050 13.108 8.3 15.42 823 1310 26.03 197.8 
CA 139 (HD) 1983 3.650 12.050 9.3 15.66 906 1286 28.31 234.6 
CA 149 (HDI 1980 4.400 112.424 11.2 ie 05 878 1459 27.46 231.0 
CA 159 (NO) 1985 5.450 10.602 12.0 19.50 827 1395 32.18 279.4 
DRESSER-RAND 
KG2-3C (HDI 1968 1.475 21.620 3.9 12.88 838 1098 15.78 114.5 
KG2-3E (HDI 1989 1.850 20.650 4.6 14.92 $19 1103 16.52 124.0 
KG2-3R (, *cup) (HD) 1981 1.330 13.190 3.9 12.61 573 1098 25.87 105.6 
KG5 (HD) 1976 3.000 16.100 6.5 21.09 773 1143 21.19 142.2 
DR-990 (NO) lose 4.220 11.780 12.8 20.41 754 1323 28.96 206.7 
DR-60G IAE) 1973 13.400 9.570 21.5 45.81 756 1491 35.65 292.5 
DR- 160 (HD) 1969 15.000 11.830 8.7 77.11 703 1148 2684 194.5 
DR-61 (AE) 1969 21.900 9.515 18.1 68.04 $05 1504 Wes 321.9 
DR-300 (AE) 1979 22.100 9.406 18.1 68.04 $01 1504 36.27 324.6 
DR-290 (AE) 1976 25.000 9.538 19.3 B9.81 737 1435 35.77 278.4 
DR-460 IAE) 1984 33.700 9.335 26.8 122.47 718 1428 36.55 275.2 
DR-600 (AE) 1990 40.914 8.523 29.0 125.19 725 1491 40.013 326.8 
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YON power "am Rate fton. Rat. 0 Mm flow 1GT TET EffWofty SPO 104WI IsTu"W-M (1,6161 (K) M 1%) IkW/kgls) 
ESARA 
PW-6E JAE) 1990 0.670 16.300 7.0 3.18 273 1219 20.93 179.5 
PW-7E IAEJ 1990 0.700, 15.535 8.5 3.81 850 1219 21.96 183.7 
FTS JAE) 1990 2S. 420 8.950 20.3 85.27 710 1359 38.12 298.1 
FTS-TWIN JAE) 1990 51.100 8.905 20.3 170.5S 716 1359 38.11 292.6 
EUROPEAN GAS TURBINES tfofnw ROUSTON GT) - 
HURRICANE (HO) 1991 1.600 13.400 9.2 6.99 873 1407 25.46 229.1 
TB5OOO(HD1 1977 3.909 13.310 6.8 21.32 761 1183 25.63 178.7 
TYPHoONfMD) 1989 3.903 11.314 12.8 16.78 773 1327 30.16 232.0 
TORNADOjmM 1981 6.249, 11.26S 12.1 2767 741 1273 30.29 225.8 
RLM I Goo JAE) 1989 13.404 9.617 21.5 ". 91 75a 35.46 296.5 
RLM2500-PE JAE) 1979 21.437 9.703 18.8 68.04 002 1499 35.16 315.1 
RLM2500-PE JAE) 1979 22.106 t453 16.4 67.13 901 1505 36.09 329.3 
RLMSOOG-PC JAE) 1984 33.723 9.464 26.1 126.55 717 1"3 35.97 266.5 
RLM5000-PC (AEI 1984 33.766 5.346 2S. 4 122.92 719 I"S 36.50 274.7 
RLM6000 1994 43.000 8.216 28.0 126.50 722 1473 41.53 339.9 
G3142 1975 10.400 13.320 7.1 53.00 809 1215 25.01 190.2 
G3142 trecup) 1975 10.000 10.370 7.3 53.00 1227 32.90 166.7 
PG5371(PA) 1987 26.300 11.820 10.2 122,47 756 1230 28.86 214.7 
PG65si (al 1988 39.200 10.730 11.8 IWOO 814 1377 31.80 284.1 
Mioit;, A) 1989 70.100 9.900 16.0 196.00 Sao 1561 34.19 357.7 
PG 9171 (E) 1987 123.400 10.100 12.5 402.33 SIO 1397 33.78 306.7 
PG 9331 (FAII 1994 220.500 9.570 15.0 614.40 062 1551 36.65 368.7 
TEMPEST (ND) 1996 7.500 10.339 14.0 27.20 009 1403 33.00 275.7 
FIAT AVIO 
LMSOO JAE) 1980 3.850 11.120 140 115.42 789 1378 30.68 249.6 
LM2500 JAE) 1979 21.100 9.435 18.0 66.22 769 1420 30.16 318.6 
TG 20 W01 1971 37.850 11.590 11.0 159.21 793 1312 29.44 237.7 
To 20 IND) 19" 42.500 10.500 14.0 156.94 775 1353 32.19 270.8 
To so IND) 1975 103.000 10.990 12.0 386.01 808 1363 31.04 288.8 
TG So JHD) 1985 128.340 10.080 14.0 443.16 767 1340 33.85 289.8 
GE MARINE&INDUSTRIAL 
LMIOOO-PA JAE) 1989 13.400 9476 22.0 4491 755 1459 36.00 298.4 
LMIGOO-ra-STIG JAE) 11991 16.100 8615 25.0 47.03 722 1322 39.60 338.0 
Lm2SO0-PE IAE) 1973 22.200 9.404 18.4 67.13 801 1487 36.28 330.7 
LM2500-PE IAE) 1973 21.550 9.650 ISO 68.04 802 1493 35.36 316.7 
LM2500-PH-STIG JAE) 1986 29.950 8.529 MO 68.42 777 13511 40.00 437.3 
LM2500-PH-STIG JAE) 1986 25.050 8.770 20.0 68.49 767 1344 38.90 305.7 
LM5000-PC (AEI 1984 33.750 0.348 2S. 3 122.92 719 1433 36.61 214.6 
LMSOOO-PC JAE) 1984 33.750 9483 26.0 126.10 716 1437 35.98 207.6 
LM50OO-PD-STIG JAE) 1986 52.700 7.731 32.3 141.52 680 1311 44.13 372.4 
LM5000-PD-STIG JAE) 1986 48.950 8.019 32.0 14117 677 1303 42.65 344.9 
LM6000-PA IAE) 1992 42.200 8.430 29.8 102.90 721 1491 40.47 409.8 
LM6000-PA JAE) 1992 41.650 9.467 29.6 102.96 7211 1491 40.30 403.5 
GE POWER GENERATION 
PG5371(PAI(HDI 1987 26.300 11.820 10.2 122.47 756 1230 2816 214.7 
PG6541 (9) IHD) 1978 38.340 10.860 11.8 136.53 812 1377 31-42 280.8 
PG71 II (EA) (HD) 1976 83.500 10.480 12.4 290.75 803 1377 32.55 287.2 
PG7101 IF) (HD) 1987 150.000 0.880 13.5 416.40 866 1533 34.53 360.2 
PG9171 (E) (HDI 1987 123.400 10.100 12. S 402.33 SIO 1397 33.78 306.7 
PG9281 IF) (HD) 1987 212.200 9.995 13.5 600.10 $56 1633 34.14 353.6 
PGLM2500-PE JAEj 1979 21.790 9.780 18.7 68.22 804 1497 34.89 329.0 
PGLM2500-PE JAE) 1979 21.160 10.030 18.7 66,22 605 1499 34.02 319.5 
PGLMSOOO-pC JAE) 1986 33.060 9.730 30.0 122.92 721 1494 35.06 260.9 
PGLMSOOG-PC JAE) 1986 33.090 9.860 30.0 1126.10 719 1489 34.60 262.4 
PGLM6000 JAE) 1992 41,500 8650 29.5 125.19 725 1497 39.44 331.5 
HITACHI 
G3142 UWfmD) 1975 10.450 13-320 7.1 52.16 799 1201 25.01 200.3 
PG53711PA)(HD) 1987 25.300 11.820 10.2 IM47 7156 1230 28.96 214.7 
PGO541 IS) (HDI 1987 38340 10.860 11.8 136.53 812 1366 31.42 280.8 
PG? I II (EA) JHOj 1987 93.500 10.480 12.4 290.75 503 1398 32.56 287.2 
P07191 IF) JHDI 1988 150.000 9.880 416.40 856 34.53 360.2 
PGO171 (E) (HDI 1987 123.400 10.100 12.3 403.70 all 1377 33.78 305.7 
1'1ý IS lintOrCO0100 (HD) 1990 13.800 11.044 49. " $23 30.69 279.1 
H-25 IND) 1988 23.500 IO. S60 $8.00 803 32.31 257.1 
H-25 (Imercoo" tHm lose 26.770 10.465 68.00 823 32.60 304.2 
HITACHI ZOSEN 
GTIO-5 (MD) 1982 3.660 11.300 9.3 15.50 Boo 1308 30A9 235.2 
GTISA IHIM 1979 4.590 11.530 12.1 18.60 819 1385 29.59 246.8 
GYI SO JHD) 1986 6.560 10.070 12.7 M64 am 1378 33.98 283.1 
CCS7 1986 4.050 8.710 17.1 17.15 802 1464 39.17 282.9 
GTI 51 (HDJ 1982 14.760 11.707 9.1 77.11 709 1144 29.14 191,4 
GT201 JAE) 1982 23. S20 10.025 19.8 8845 751 1434 34.03 265.9 
INTERNATIONAL POWER TECHNOLOGY 
SERIES 7 (HO) 1981 5.5013 8.911 
SERIES 5 MID) 1987 1.900 12.000 
ISHIKAWAJiMA. HAFumA HEAVY INDUSTRIES 
IM400-6 (HD) 1983 3.510 12.040 9.3 15.42 806 1308 28.34 234.1 
MOM m 1980 4.500 12.150 11.2 13.60 856 1422 28.08 242.0 
IMO 10 (HD) 1987 5.330 10440 12.7 19.50 tog 1381 31.19 273.3 
LM 1800 IAD lose 12.820 9.310 14.8 45.36 770 1361 36.65 282.6 
LM2500 JAE) 1976 21.560 9.470 18.1 67.58 796 1472 36.03 319.0 
IMSOOO IAE) 1978 34.700 9.220 28.8 127.01 706 1450 37.00 273.2 
TwI% IMSOOO IAE) 1978 59.400 9.220 28.8 254.01 706 1450 37.00 273.2 
STIG-LM2500 JAE) 1966 25.400 9.000 37.91 
STIG-LM5000 JAE) 1986 49.100 8.180 41.71 
STIG4m5OOO JAE) 1986 60.900 7.950 43.46 
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Yw Po. w Now Rate pless. Ratm) Mass flow ECIT TET Efficiency spo 
PAVA (BTUNAW-N 11,9/0) (KI (K) 1%) (kW/kQ1s) JOHN BROWN ENGINEERING 
PG3002J(HD) 1949 10.200 , 13.500 7.2 52.16 799 1218 25.27 195.5 
PG5001PA IHD) 1958 26.300 11.820 10.2 122.47 756 1230 28.60 214.7 
PG6001B(HD) 1978 38.340 10.860 11.8 136.53 812 1377 31.42 280.8 
PG7001EA JHD) 1976 83.340 10.500 12.4 290.75 803 1377 32.49 285.8 
PG9001EA 1HDJ 1979 123.400 10.350 12.1 4M. 24 802 1377 32.96 306.0 
PG700IF(HD) 1988 150.000 9.880 13.5 416.40 856 1533 34.63 360.2 
PG9OOlF(HD) 1991 212.000 9.995 13.5 600.10 856 1533 34.14 353.3 
LM250OPE (AE) 1978 21.100 9.790 18.7 60.68 789 1470 34.65 316.4 
LM260OPE (AE) 1978 20.510 10.090 18.7 68.68 789 1470 33.81 307.8 
LM500OPC 1AE) 1983 33.100 9.720 30.0 122.92 722 1498 35.10 289.3 
LM500OPC (AE1 1983 33.090 9860 30.0 122.92 722 1496 34.60 269.2 
LM6000-PA 1992 42.200 8.430 29.8 102.96 721 1491 40.47 409.8 
PGLM6000 1992 41.500 8.650 29.5 125.19 725 1497 39.44 331.5 
S860 (HD) 1986 15.290 11.400 13.7 61.69 797 1373 29.93 247.9 
KANIS ENERGIE 
63142 U) (HD) 1952 10.450 13.320 7.1 52.16 799 1216 25.61 200.3 
G3142R W (recup) (HD) 1952 10.000 10.370 7.3 52.16 026 1227 32.90 191.7 
PG53711PA)(HD) 1987 26.300 11.820 10.2 122.47 756 1230 28.06 214.7 
PG6541 (8) (HD) 1987 38.340 10.860 11's 136.53 812 1377 31.42 200.8 
PG9171 (E) 1HD) 1990 123.400 10.100 12.3 404.60 ell 1377 33.78 306.0 
KAWASAKI HEAVY INDUSTRIES 
SI A-02 (HD) 1978 0.200 21.840 9.0 1.77 793 1203 15.62 113.1 
SIT-02 (HD) 1978 0.390 22.220 9.0 3.49 793 1203 15.35 111.7 
S2A-01 fHD) 1979 0.660 16.370 9.0 4.72 768 1203 20.84 139.0 
MlA-01 (HD) 1978 1.110 17.150 8.0 7.89 788 1173 19.89 140.6 
MI A-03 (HD) 1982 1.390 16.450 9.0 9.12 ele 1233 20.74 152.5 
MIT-01 (HD) 1979 2.150 17.570 8.0 15.92 783 l173 19.42 135.0 
MIT-03 (HD) 1982 2.680 16.810 9.0 18.10 813 1233 20.30 148.1 
MIA-11 (HD) 1989 1.210 14.250 8.8 7.48 738 1173 23.94 161.7 
MIA-13 (HD) 1989 1.490 13.870 8.7 7.39 828 1303 2460 201.5 
MIT-11 (HD) 1989 2.337 14.720 8.8 15.01 738 1173 23.18 155.7 
MlT-13 (HD) 1989 2.898 14.320 8.7 14.79 828 1303 23.83 196.0 
M1 A- I 3CC (HD) 1989 1.277 16.480 7.8 7.12 838 1283 20.70 179.3 
MIA-13CC (STIG) 11-113) 1989 2.364 10.450 9.2 7.153 843 1283 32.65 314.0 
KVAERNER EUREKA 
PG5371 (PAJ (HD) 1987 20.300 11.820 10.2 122.47 756 1230 28.80 214.7 
PG6541 (9) MID) 1978 38,340 10.860 11.8 138.80 812 1377 31.42 276.2 
PG9161 (E) (HD) 1987 116.900 10.310 12.1 409.14 802 1377 33.09 285.7 
LM250OPE (AE) 1988 21.160 10.030 18.0 68.04 805 1487 34.02 311.0 
LM5000 (AE) 1986 33.090 9.860 30.0 124.28 719 1490 34.60 266.2 
LM6000-PA 1992 41.550 8.467 29.8 102.96 721 1491 40.30 403,5 
MAN-GHH 
THM 1203 (HD) 1971 5.348 14,883 7.6 34.47 793 1178 22.92 155.1 
THM 1304-9 (HD) 1980 8.899 12.229 10.0 44.91 1248 27.90 198.2 
THM1304R-10 (recup) (HD) 1983 9055 9.991 10.0 44.91 1273 34.15 201.6 
FTS (AE) 1990 25.420 8.950 20.1 84.37 38.12 301.3 
FTS TWIN (AE) 1990 51.100 8.905 20.1 168.74 38.31 302.8 
MITSUBISHI HEAVY INDUSTRIES 
MF-01 IHD) 1989 5.925 11.915 15.0 27.22 769 1364 28.63 217,7 
MF. l IIA 1HD) 1985 12.610 11.250 13.0 47.63 $20 1409 30.33 264.0 
MF- II 18 (HDj 1985 14.570 10.020 15.0 53.52 803 1424 34.05 272.2 
MF-221 A (HD) 1992 26.000 10.905 13.0 97.98 817 1403 31.29 265.4 
MF-221 9 IHD) 1992 30.000 10.665 15.0 113.40 799 1417 31.09 264.6 
FM-451 1HD) 1992 46410 10.360 14.0 146.06 827 1444 32.93 317.8 
MW-251 (HO) 1964 36.860 11.790 12.0 156.94 790 1333 28.94 234.9 
MW-501 fHD) 1980 104.570 10.260 14.0 359.24 794 1387 33.25 291.1 
MW-701 (HD) 1981 130.550 10.070 14.0 444.52 786 1372 33.88 293.7 
MW-701 DA (HO) 1992 136.900 10.040 14.1 444.52 809 1415 33.98 308.0 
501 F (HD) 1989 153.200 9.670 14.0 427.74 $51 1487 35.28 358.2 
701F 1HD) 1994 221.100 9. "0 15.8 616.43 836 1495 36.14 358.7 
701F2 (HD) 1995 253.700 9.200 17.0 667.00 852 1554 37.08 380.4 
7011311 (HD) 1996 271.000 8.820 19.0 645.00 Sol 1585 38.68 420.2 
701IG2 (HD) 1996 308.000 8.750 21.0 741.00 847 1594 38.99 415.7 
MITSUI ENGINEERING A, SHIPBUILDING 
S85 (HD) 1987 1.080 13.390 10.0 4.99 765 1240 25.48 216.5 
SB15 JHD) 1986 2.630 13.160 10.6 14.06 755 1239 25.93 187.0 
S830 (HO) 1973 5.260 13.860 6.7 27.67 786 1200 24.62 190.1 
S860 4HD) 1981 12.490 11.630 12.1 55.34 729 1273 29.59 225.7 
S860 4HD) 1988 13.570 11.490 13.2 59.42 765 1319 29.69 228.4 
S890 1HO) 1969 14.610 13.820 8.2 77.50 783 1200 24.69 188.4 
SB120 (HD) 1985 23.000 11.190 11.7 102.05 748 1273 30.49 225.4 
NUCIVO PIGNONE-TURBOTECNIA 
PGT2 (HD) 1989 2.000 13-650 12.0 9.98 all 1368 24.99 200.4 
MS1002 (HD) 1972 4.820 13.640 8.2 24.49 801 1216 25.01 196.8 
MS1002R liecup) (HD) 1972 4.610 10.495 8.3 24.49 1227 32.51 188.2 
PGTIO (HD) 1986 9.980 10.665 14.0 41.28 735 1330 31.99 241.8 
PGTIOR (recup) (HD) 1986 9.620 10.040 14.2 41.28 1338 33.90 233.1 
MS3002 (HD) 1952 10.450 13.330 7.1 52.16 goo 1218 25.59 200.3 
MS3002R frecup) 1HD) 1952 10.000 10.370 7.5 52.16 1227 32.90 191.7 
PGTIS fAE) 1989 13.170 9.727 21.5 45.36 766 1473 35.08 290.4 
PGT25 (AE) 1981 21.640 9.648 18.7 68.04 801 1492 35.36 318.1 
LM2500/30 (AE) 1988 22.360 9.685 18.7 68.04 801 1492 35.23 329.6 
MS5001 (HD) 1958 26830 11.700 10.2 123.83 755 1230 29.16 218.7 
LM5000 (AE) 1988 33.760 9.543 30.0 122.02 719 14" 35.75 276.7 
MS6001 1HD) 1978 38.980 10.790 11.5 137.89 BID 1377 31.62 282.7 
MS7001 1HD) 1988 83.500 10.475 12.4 291.20 803 1372 32.57 286.7 
MS900lIHD) 1976 123.400 10.240 11.6 410.05 ell 1377 33.32 300.9 
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Year Power "m Rm 
Pre". Rave Mass flow ECIT TET Effloancy SPO 
fmvA (MAft" (ka/sl IK) IKI 1%) 
IkW/kgls$ 
OPRA OV 
OP16 (HD) 1996 1.500 13.850 6.5 7.60 863 1272 
24.63 197.4 
PRATT & WHITNEY CANADA 
ST6L 795 AE 1986 0 643 14 459 7.5 3.18 874 1277 
23.60 202.5 
- ( ) 
ST6L-8 13 (AE) 1976 
. 
0.762 
. 
13.992 8.5 3.81 $51 1277 24.56 205.2 
SPW124-2 (AEI, 1993 1.584 12.460 13.8 7.71 605 1423 
27.38 205.4 
FTS (AE) 1990 25.420 8.950 20.3 65.27 716 
1359 38.12 298.1 
FT8 TWIN IAE) 1990 51.100 8.905 20.3 170.55 716 
1359 38.31 299.6 
V84 2 (HD) 1988 103.200 10.220 10.7 349.26 813 1337 
33.38 295.5 
. 
V64.3 (HD) 1990 60.500 9.705 15.6 183.70 807 
1444 35.16 329.3 
V84.4 (HO) 11993 150.300 9.535 16.1 416.40 836 1506 
35.78 361.0 
PRVNI SRNENSKA STROJIRNA 
GTG-250C IHO) 1993 2.850 11.750 12.0 12.70 703 
1206 29.04 224.4 
GT6.5-C (recup) fHD) 1988 6.500 10.970 4.6 52.62 542 
1073 31.10 123.5 
GTG8 Ifecup) (ND) 1993 9.160 10.150 5.2 511.71 784 
1122 33.61 177.1 
ROLLS-ROYCE 
AVON (AE) 1964 14.420 12.030 9.2 77.56 714 
1149 28.36 185.9 
RB211 IAE) 1974 24.940 9575 20.0 89.81 739 
1437 35.63 277.7 
Trent 1997 51.190 8.210 35.0 158.90 701 
1504 41.56 322.2 
SI IEMENS KWU 
V64 3 (HD) 1988 60.500 9.705 115.6 183.70 807 1444 
35.16 329.3 
. 2 (HD) V84 1985 103.200 10.220 10.7 349.26 813 
1337 33.38 295.5 
. 
V84 3 (HD) 1991 139.000 9.555 15.6 412.77 807 
1444 35.71 336.0 
. 
V94 2 (HD) 1974 150.200 10.210 10.7 49895 
$is 1346 33.42 301.0 
. 
V94.3 (HD) 1992 200.000 9555 15.6 594.20 $07 
1444 35.71 336.6 
V94.3A (HD) 1996 240.000 8.980 16.6 640.00 835 
1515 
SOLAR GT 
SATURN Tl 500 JHD) 1960 1.080 14.785 6.7 6.40 772 
1146 23.08 168.9 
SATURN (recup) (HD) 1984 O. a90 11.310 6.5 6.30 569 
30.17 141.2 
144 5 
CENTAUR (recup) (HDI, 1984 2.550 11.515 8.3 17.64 
17 55 
SOS 
722 1154 
29.63 
26 36 
. 
178,3 
CENTAUR T-4500 (HD) 1985 3.130 12.945 . 9.4 9 3 
. 
17 46 769 1257 
. 
27.97 222.2 
CENTAUR TYPE H (HD) loss 1880 12.200 . 
1 to 
. 
87 20 772 1276 27.97 209.4 CENTAUR TAURUS (HD) 1989 4.370 12.200 
15 7 
. 
37 47 739 1323 31.07 235.9 MARS (HD) 1977 8.840 10.980 . 
15 0 
. 
25 50 761 1350 31.30 247.1 TAURUS 70 (HD) 1995 6.300 10.900 . 
16 2 
. 
39 20 737 1330 31.69 237.0 MARS 90 (HD) 1995 9.290 10.765 . 
17 1 
. 
41 60 761 1390 32.45 257.0 MARS 100 (HD) 1996 10.690 10.515 . . 
SOVIET UNION 
GTNR-10 (recup) (HD) 1975 11.000 110.500 4.8 84.62 
1103 32.49 129.7 
GTNR- 12 (recup) (HD) 1991 12.500 10.470 5.3 90.26 
1123 32.59 139.5 
198 1 
GTN-16 1983 16.800 11.570 11.5 $482 703 1193 
29.49 . 
GTE-32 1990 30.000 11.770 12.5 169.64 673 1173 
28.99 176.8 
GTN-25 1982 29.300 11.770 12.5 161.48 733 1248 
28.99 181.4 
4 266 
GTN-25A 1990 25500 9.750 25.0 95.71 696 
1473 34.99 . 
181 7 
GTE-45 1993 45000 11.380 17.0 247.66 1263 3 
29.96 
33 00 
. 
242 3 
GTE-60 1995 60.000 10.340 18.0 247.66 
54 673 
142 
1043 
. 
24.80 
. 
145.8 
GTG-35 (HD) 1969 32.000 13.760 7.8 219. 738 1173 27.99 199.7 GTG-45 (HD) 1989 54.000 12.190 7.8 
1 3 
270.34 
394 17 788 1413 33.00 289.2 OTE-1 15 (HD) 1993 114.000 10.340 2. 
13 0 
. 
469 01 673 1190 28.49 223.9 GTE-1 00 1HO) 1969 105.000 11.975 . 
13 0 
. 
63457 696 1223 30.49 201.7 GTE-1 50 (HD) 1989 128-000 11.190 . 
13 0 628 68 803 1355 30.99 249.7 GTE-1 50 (HD) 1990 157.000 11.010 . 
15 6 
. 
628 68 $is 1523 32.59 294.3 GTE-200 (HD) 1995 185.000 10,470 . . 
STEWART & STEVENSON 
TG-831 1967 0.515 16.216 11.0 3.58 772 1236 
21.04 143.7 
TG-501 Its (AE) 1962 3.224 12.628 9.3 15.65 797 
1255 27.02 206.0 
TG-501-KB5 (AE) 1981 3.693 12.018 9.3 15.65 $06 
1308 
1370 
28.39 
32 04 
236.0 
278 7 
TG-571 K (AE) 1985 5.588 10.650 12.7 20.05 
806 
755 1467 
. 
35 71 
. 
293.1 
TG-l 600 (AE) 1987 13.427 9.554 22.5 
5 
45.81 
52 53 710 1273 
. 
40.27 315.7 
TG-l 600 STIG 50 IAEJ 1990 16.900 8.472 22. . 
68 04 801 1492 36.29 326.8 TG-2500-33 IAE) 1973 22.236 9.401 18.7 
18 7 
. 
73 94 777 1343 39.99 358.0 TG-2500 STIG 4AE) 1986 26.466 8.532 . 
28 8 
. 
02 122 719 11477 36.50 276.7 TG-5000 PC fAE) 1987 33.762 9.348 . 
29 5 
. 
126 55 723 1493 41.11 335.0 TG-6000 PA IAE1 1991 42.400 8.300 . 
28 8 
. 
149 23 686 1292 41.74 314.2 TG-5000 STIG 80 (AE) 1986 46.890 8.174 . 
28 6 
. 
1157 40 680 1281 43.15 328.0 TG-5000 STIG 120 fAE1 1986 51.620 7.907 . . 
SULZER-ESCHER WYSS 
3 (HD) 1976 6.500 12.055 10.0 33.11 
740 1243 28.30 196.3 
, 
R3 frecup) (ND) 1976 6.040 10.264 9.9 33.11 
638 1243 
11 8 
33.24 
24 99 
1182.4 
1173 2 
7. (HD) 1970 11.000 13.650 7.5 63.50 
758 
609 
9 
1198 
. 
31 59 
. 
166.9 
A7 Irecup) IHO) 1970 10.600 10.800 7.7 63.50 . 
THOMASSEN INTERNATIONAL 
7 11 51 71 $01 1216 25.31 197.8 PG3142 (J) (HD) 1949 10.230 13.480 . 
7 3 
. 
52 16 626 1227 32.90 191.7 03142 1.11 frecup) (HDI 1951 10.000 10.370 . . 96 61 786 1211 25.73 200.8 G5261 4R) fHD) 1958 19.400 13.260 8.1 
10 2 
. 
47 122 756 1230 28.86 214.7 PG5371 IPA) (HO) 1961 26.300 11.820 . 
11 5 
. 
136 53 els 1377 31.42 280.8 PG6541 IS) (HD) 1981 38.340 10.860 . . 410 05 ell 1393 33.78 300.9 PG9171 (E) (HDI, 1979 123400 10.100 12.1 . 
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Year Po" Most Rate Pro". Rat* Mass flo. fay TET Iffivency 
Spo 
(MWl (BTU/MW-hl fkg/sl (K) IK) M tkW/kgls) 
THOMASSEN STEWART & STEVENSON INT 
LM 1600 (AE) 1988 13.420 9.563 22.5 45.36 760 1476 35.68 295.9 
LM 1600 STIG 30 (AE) 1991 17.600 8.338 22.5 45.36 40.92 388.0 
LM2500 PE IAE) 1973 21.450 9.700 18.7 68.49 802 1494 35.17 313.2 
LM2500 PE IAE) 1973 22.235 9.400 18.7 68.04 801 1492 36.30 326.8 
LM2500 STIG 40 ME) 1986 24.920 9003 18.7 74.39 767 1326 37.90 335.0 
UY12500 STIG 40 IAE) 1986 26.835 8.573 18.7 74.39 777 1343 39.80 360.7 
LM5000 PC (AE) 1984 33.555 9.530 29.8 125.64 717 1472 35.80 267.1 
LM5000 PC (AE) 1984 33.760 9.347 28.8 122.02 719 1476 36.50 276.7 
LM5000 STIG 80 ME) 1986 44.595 8.510 28.8 149.68 687 1294 40.09 297.9 
LM5000 STIG 80 IAEI 1986 46.890 8.173 25.8 149.23 686 1292 41.74 314.2 
LM5000 STIG 120 ME) 1986 48.105 8.215 28.8 157.40 676 1273 41.53 305.6 
LMSOOO STIG 120 ME) 1986 51.620 7.907 28.8 157.40 680 1201 43.15 328.0 
LM6000 IAE) 1991 41.370 8.510 28.0 126.55 723 1475 40.09 326.9 
LM6000 ME) 1991 42.230 8.335 280 126.55 723 1475 40.93 333.7 
TOSHIBA CORP 
PG9151 (HD) 1982 112.000 10.600 1111. $ 401.43 $01 1366 32.19 279.0 
TURBOMECA 
ASTAZOU(AE) 1972 0.300 18.940 5.6 2.54 763 1088 18.01 118.1 
BASTAN VI ME) 1968 0.560 17.870 5.5 4.35 773 1098 19.09 128.6 
BASTAN VII ME) 1972 0.800 15.980 7.2 5.99 723 1090 21.35 133.6 
MAKILA M (AE) 1988 1.050 13.410 9.6 5.44 778 1249 25.44 192.9 
TURBO POWER 
FTS IAE) 1990 25.420 8.950 20.3 85.27 716 1433 38.12 298.1 
FTS TWIN (AE) 1990 51.100 8.905 20.3 170.55 716 1433 38.31 299.6 
V64.3 (HD) 1990 60.500 9.705 15.6 lB3.70 807 1444 35.16 329.3 
V84.2 (HD) 1988 103.200 10.220 10.7 349.26 813 1337 33.38 295.5 
V84.4 (HO) 1993 150.300 9.535 16.1 416.40 836 1506 35.78 361.0 
US TURBINE CORP 
UST70O(HD) 1979 0.661 16.490 9.0 4.63 772 1213 20.69 142.9 
USTII00jHO) 1975 1.112 17.176 8.0 7.89 788 1183 19.86 140.9 
USTI 200 (recup) (HD) 1989 1.206 14.262 8.0 7.44 738 1283 23.92 162.1 
UST1400(HD) 1982 1.392 16.451 
. 
9.0 8.98 822 IZ43 20.74 155.0 
UST1500(HD) 1989 1.491 13.883 8.7 7.35 828 1283 24.58 202.9 
UST220011HD) 1979 2.148 17.598 8.0 15.78 782 1183 19.39 136.1 
UST240O(HD) 1989 2.337 14.720 Be 14.92 738 1283 23.18 156.6 
UST270oIHD) 1982 2.680 16.828 9.0 18.01 B14 1233 20.27 148.8 
UST30OO(HO) 1989 2.898 14.320 8.7 14.74 2128 1283 23.83 196.6 
UST34001HD) 1962 3.307 12.668 9.3 15.47 798 1255 28.93 213.6 
UST3800 (HD) 1982 3.923 12.161 9.3 15.69 835 1330 20.06 250.0 
UST4600(HD) 1979 4.612 12.195 12.1 18.60 837 1415 27.98 248.0 
UST5700(HD) 1986 5.588 10.650 12.7 19.64 $07 1379 32.04 284.5 
UST2500CC (steam inj) IHD) 1988 2.365 10.450 9.4 7.12 042 11283 32.65 332.1 
UST560OCC (steam inj) IHD) 1986 5.554 8.944 17.1 15.78 769 1255 38.15 351.9 
USTI 2000 (HO) 1986 12.760 11.210 12.8 48.06 Bill 1523 30.44 265.4 
UST15000(HD) 1987 14.730 10.980 14.7 55.79 801 1523 31.07 264.0 
USTI 8000 (steam inj) IHD) 1988 16880 9.955 16.1 48.08 11126 1523 34.27 351.1 
WESTINGHOUSE ELECTRIC 
R3211 1984 27.240 9.575 21.0 91.90 765 1463 35.63 296.4 
Trent 1997 51.190 8.210 35.0 158.90 701 1504 41.56 322.2 
CW251 B 12 (HD) 1982 46.500 10.550 15.3 173.27 783 1395 32.34 260.4 
W50iD5 (HD) 1975 104.400 10.290 14.2 358.79 794 1391 33.16 291.0 
50IF (HD) 1989 152.800 9.700 14.0 427.74 $51 1487 35.17 357.2 
701D IHD) 1992 144.210 10.064 14.0 474.50 770 1345 33.90 303.9 
501 G (HD) 1994 235.250 8.740 19.2 553.40 863 1617 39.04 425.1 
70IF(HD) 1994 251.100 9,212 16.2 658.90 931 1680 37.04 381.1 
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TABLE 1.2: COMBINED AND STEAM INJECTED GAS TURBINE CYCLES 
YW ft. w Hear Rate rose. Rom EGT TET SC EffiamInty CC ENKýy 
07 Power ST Poýsr TURBINE 
ImWI IBTUWW hr) IK) (KI 11%) 1%) IMW) 4MWI 
ABB 
KA WI (HID) 1989 12.800 7.668 16.0 739 1330 31.04 44.49 8.600 4.000 One MARS 
KAM-2 (HDI 1989 25.300 7.633 16.0 739 1330 31.04 ". 70 17,200 8.100 Two MARS 
KA 35-1 (HD) 1989 25.300 7.737 12.0 647 1171 31.98 ". 10 17.800 7.500 One 
GT 35 
KA 35-2 (HDI 1989 51.000 7.685 12.0 647 1171 31.98 ". 40 35.600 15.400 Two 
GT 35 
KA 10-1 (HD) 1989 31.300 7.183 13.6 790 1371 32.59 47.50 20.800 10,500 On@ 
GT 10 
KA 10-2 IHD) 1989 63.300 7.094 13.6 790 1371 32.59 48.09 41.600 21.700 
Two GT 10 
KA 8-1 IHD) 1983 70.100 7.183 16.3 796 1438 31.59 47.50 45.300 24.800 One 
OT 8 
KA B-2 lHD) 1983 141.300 7.123 16.3 796 1439 311.59 47.90 90.600 50.700 Two 
GT 6 
KA 8-3 (HDI 1983 212.800 7.094 16.3 796 1438 31.59 48.09 135.900 76.900 Three GT 8 
KA B-4 (HOI 1983 284.200 7.079 16.3 796 1438 31.59 48.20 181.200 103.000 Four 
GT 8 
KA IIN-11 IND) 1987 121.100 7.035 12.4 768 1339 32.01 48.50 78.100 43.000 One GTI I -N 
KA II N-2 (HDI 1987 2". 500 6.978 12.4 788 1339 32.01 48.89 156.200 $8.300 Two 
GTI I-N 
KA II N-3 IND) 1987 367.800 6.949 12.4 788 1339 32.01 49.10 234.300 133.500 
Three GTI I -N 
KA II N-4 fHD) 1987 491.400 6.935 12.4 788 1339 32.01 49.20 312.400 179.000 
Four GT II -N 
KA 13-1 IHD) 1981 1". 200 7.094 12.5 762 1298 32.01 48.09 94.000 50.200 
One OT13 
KA 13-2 (HID) 1981 289.900 7.064 12.5 762 1298 32.01 48.30 188.000 101.900 
Two GTI 3 
KA 13-3 lHD) 1981 434.900 7.064 12.5 762 1298 32.01 48.30 282.000 152.900 
Three GTI 3 
KA 13-4 (HD) 1981 581.100 7.050 12.5 762 1298 32.01 48.39 370.000 205.100 
Four GTI 3 
KA 13E-1 (HD) 1983 213.800 6.743 13.9 789 1376 34.64 50.60 142.100 71.700 
One GT 13E 
KA 13E-2 (HD) 1963 429.300 6.717 13.9 789 1376 34.64 50.79 284.200 145,100 
Two GT 13E 
KA 25-1 SS (HID) 1996 366.000 5.830 30.0 883 38.21 59.52 232.500 133.400 
One GT20 
KA 26-2 (HD) 1995 732.000 5.830 30.0 883 38-21 58.52 465.200 266.800 
Two GT26 
KA 24-1 SS (HD) 1996 248.300 5.940 30.0 983 37.91 67.44 159.500 68.600 
One GT24 
KA 24-2 (HD) 1996 498.500 5.940 30.0 683 37.91 57. " 319.000 17g. 500 
Two GT24 
ALSTHOM TURBINES A GAZ 
VEGA IOSPA (HD) 1976 38.200 8.140 10.2 755 1230 28-80 41.91 25.700 12.500 
One PG5371PA 
VEGA 205PA (ND) 1976 77.100 8.066 10.2 756 1230 28.86 42.30 50.600 28.500 
Two PG5371PA 
VEGA 1066 fHD) 1978 56.500 7.370 11.8 8113 1377 31.42 46.29 37.500 19.000 One PG6541 B 
VEGA 2068 JHD) 1978 116.000 7.185 11.8 813 1377 31.42 47.49 75.000 41.000 Two 
PG65418 
VEGA 109E IHD) 1978 174.000 6.910 12.5 802 1377 33.09 49.37 114.900 59.100 On@ 
PG9161E 
VEGA 209E IHD) 1978 352.400 6.825 12.5 802 1377 33.09 49.99 229.800 122.600 Two PG9161E 
VEGA 109F (HD) 1987 319000 6.640 13.5 856 1533 34.14 51.38 208.400 ill. 100 One PG9281F 
VEGA 209F jHD) 1987 641.500 6.615 13.5 856 1533 34.14 51.58 416-800 224.700 
Two PG0281F 
VEGA 109FA (HD) 1995 355.800 6.514 IS. 0 862 1561 35.65 52.38 224.400 131.400 
One PG9331 FA 
VEGA 209FA (HD) 1995 714.100 6.489 15.0 662 1561 35.65 52.58 "8.800 
265.700 Two PG9331FA 
ANSALDO 
COBRA 1.64 3 IHD) 1989 92.666 6.613 16.1 804 1"9 35.30 51.59 60.666 
32.000 One V84.3 
. COBRA 2.64 3 (HD) 1989 186.000 5.545 16.1 604 1"9 35.30 52.13 122,000 
64.000 Two V64.3 
. COBRA 1.64.3A (HD) 1995 103.500 6.331 lee 838 1520 36.80 63.89 67.600 
36.000 One V54.3A 
64 3A (HID) COBRA 2 1995 211.000 6.183 I&S 638 1520 36.80 56.18 135.000 76,000 
Two VG4.3A 
. . 
COBRA 1.94.2 (HO) 1977 243.000 6.525 11.0 813 1346 34.50 52.29 154.000 $9.000 
One V94.2 
COBRA 2.94.2 (HD) 1977 486000 6.505 11.0 $13 1346 34.50 52.45 308.000 178.000 
Two V94.2 
COBRA 3.94.2 fHD) 1977 731.480 6.490 11.0 813 1346 34.50 52.57 462.000 289.000 
Three V94.2 
3A (HD) COBRA 1 94 1996 358.000 5.965 16.5 835 1515 37.99 57.20 233.000 125.000 
One V94.3A 
. . COBRA 2.94.3A (HD) 1996 715.000 5.985 16.6 $35 1515 37.99 57.01 46G. OD0 249.000 
Two V94.3A 
EBARA 
FTS (AE) 1990 32.280 7.010 20.3 716 1359 38.12 48.67 24.700 
7.680 One FTS 
FTS Twm IAE) 1990 65.310 6930 20.3 716 1359 38.12 49.23 49.660 15.650 
Two FTS 
FT8TPx2 (AE) 1993 130620 6.930 20.3 716 1359 38.12 49.23 99.400 31.220 
Four FT8 
FIAT 
CC 100 (HD) 1985 120.000 7.370 14.0 775 1353 32.19 46.29 82.000 38.000 
Two TG 20 
CC 200 (HDI 1985 364.000 7.055 14.0 767 1340 33.85 48.36 248.000 II6. ODO 
Two TG 50 
CC30(AE) 1987 31.670 6.561 18.0 805 1487 34.02 52.00 21.210 10.460 On* LM2500 
CC50JAE) 1992 63.800 6.467 29.8 721 1491 40.30 52.76 39.200 14.600 One LM6000 
CC13O(HD) 1992 127.290 6.985 14.0 776 1363 32.19 48.84 77.220 50.070 Two TG. 208718 
CCI4O IHD) 1989 152.140 6.597 14.5 784 1368 32.97 50.95 97.090 55.050 Two TG. 20811112 
CC40DJHD) 1989 406.890 6.782 14.0 767 1340 33.85 50.31 272.020 134.850 Two TG. 5OD5 
CC430JHD) 1993 428.680 6.753 14.5 778 1357 34.71 50.62 285.540 143,140 Two TG. 5OD5S 
CC7601HD) 1996 755.2DO 6.005 15.6 836 1495 36.14 56.82 497.530 267,670 
Two IFOIF 
GE POWER GENERATION 
S-1068 fHD) 1987 56.500 7.370 11.8 812 1377 31.42 46.29 
One MS60018 
S-2066 (HD) 1979 115.900 7.190 11.8 812 1377 31.42 47.45 Two MS6OO`IB 
S-406B IHCl) 1979 233.500 7.130 11.8 812 1377 31.42 47.85 
Four MSGOOIB 
S-107EA (HID) 1977 123.500 7.090 12.4 803 1377 32.49 48.12 One MS7001EA 
S-207EA (HID) 1979 249.000 7.030 12.4 803 1377 32.49 48.53 Two MS7001EA 
6-109E (HD) 1979 180300 6.910 12.1 802 1377 32.96 49.37 One MS9001E 
S-209E (HD) 1979 363.100 6.860 12.1 802 1377 32.96 49.73 Two MS9001E 
S-107F (HD) 1987 222.000 6,670 13.5 856 1533 34.53 51.15 One MS7001F 
S-207F JHD) 1987 445.700 6.650 13.5 855 1533 34.53 51.31 Two MS7001F 
S-109F JHD) 1987 318.600 6.660 13.5 656 1633 34.14 51.23 One MS9001F 
5,109G JHDI 1996 420.000 5.885 13.7 660 1540 35.60 57.97 
One MS900IG 
S-109H IHD) 1997 480.000 5.690 14.2 882 1560 37.30 59.96 one MS9001H 
S-107G NO) 1996 350,000 5.885 13.7 $60 1540 35.50 67.97 One MS700IG 
S-107H IHD) 1997 400.000 6.690 14.2 882 1560 37.20 59.96 One MS7001H 
5-225 (HO) 1979 56.400 7.140 18.4 801 1487 36.28 47.78 
Two LM250OPE 
S-225 JHD) 1979 57.700 7.210 18.6 802 1493 35.36 47.32 Two LM250OPE 
S-425 (HD) 1979 117.800 7.070 18.4 801 1487 36.28 48.26 Four LM250OPE 
S-425 IHD) 11979 115.700 7,140 18.6 802 1493 35.36 47.78 Four LM250OPE 
S- IGO (HD) 1992 53.300 6.721 29.8 721 1491 40.47 50.76 One LM6000 
S-250 lHD) 1983 88.400 7.270 25.3 719 1433 36.51 46.93 Two LM50DDPA 
S-250 JHD) 1983 88.500 7.370 26.0 716 1437 35.98 46.29 Two LM5000PA 
S-450 (HID) 1983 177.600 7.240 25.3 719 1433 36.51 47.12 Four LM5000PA 
S-450 lHD) 1983 177.700 7.340 26.0 716 1437 35.98 46.48 Four LMbOOOPA 
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GE POWER GENERATION (cont) 
LM2500 PE STIG (AE) 1984 24.790 9.200 118.4 801 1487 36.28 37.08 One LM260OPE 
LM2600 PE STIG (AE) 1988 23.740 9.480 18.6 802 1493 35.36 35.99 One LM250OPE 
LM2500 PH STIG (AE) 1986 26.560 8880 20.0 604 1497 34.69 38.42 One LM250OPH 
LM2500 PH STIG (AE) 1986 25.040 9.150 20.0 605 1499 34.02 37.29 One LM26(K)PH 
LM5000PO STIG (AD 1986 51.370 8.080 32.3 719 1433 36.51 42.23 One LM2500PD 
LM5000PO STIG IAE) 1986 47.510 8.370 32.0 716 1437 35.98 40.76 One LM2500PD 
HITACHI 
2025 (HD) 1988 69.130 7.148 32.31 47.73 ". 860 24.270 Two M-25 
2068 (HO) 1986 115-860 7.168 11.8 812 1377 31.42 47.50 76.120 39.740 Two MS60018 
107EA (HDI 1989 122.970 7.072 124 803 11377 32.49 48.24 $1.320 41.860 One MS7001E 
207EA IHDl 1989 247.560 7.028 12.4 803 1377 32.49 48.55 1162.640 $4.920 Two MS7001E 
307EA IHD) 1990 371.980 7.017 12.4 803 1377 32.49 48.62 243.960 128.020 Three MS7001E 
407EA (HO) 1992 498.250 6.985 12.4 803 1377 32.49 48.84 325.280 172.970 Four M57001E 
109E (HO) 1986 172.200 7.246 12.1 802 1377 32.90 47.09 113.930 58.270 One MSDOOIE 
209E (HD) 1986 346.540 7.201 12.1 802 1377 32.96 47.38 227.860 118.780 Two MS9001E 
309E (HD) 1986 519.830 7.201 12.1 902 1377 32.96 47.38 341.790 178.040 Three MS9001E 
INTERNATIONAL POWER TECHNOLOGY 
CHENG S7 IHD) 1981 5.500 8.911 38.29 On# 
CHENG S5 JHD) 1987 1.900 12.000 28.43 One 
ISHIKAWAJIMA-HARIMA HEAVY INDUSTRIES 
STIG LM I GOO (AE) 1988 16.500 8.680 22.0 755 1459 36.00 39.31 One LM 1600 
STIG LM2500 (AE) 1986 25.400 9.000 20.0 801 1487 36.28 37.91 OnsLM2500 
STIG IM5000 IAE) 1986 49.100 8.180 32.0 716 1437 35.98 41.71 One LM5000 
STIG IM5000 (AE) 1986 50.900 7.850 32.3 7119 1433 36.51 43.46 One LM5000 
JOHN BROWN ENGINEERING 
Scotstag 103J (HD) 1979 14.500 9.180 7.2 799 1216 25.27 37.17 9.800 6.200 One PG3002J 
Scolstag 105P MD) 1976 38,050 8.156 10.2 756 1230 29.86 41.83 25.248 12.802 One PG5001 P 
Scotstag 205P (HD) 1980 77.000 8.061 10.2 756 1230 28.86 42.32 50.496 26.504 Two PG5001P 
Scotst*g 106B (HDI 1980 65.900 7.447 11.8 812 1377 31.42 45.61 36.805 19.094 Ono PG8001 B 
Scotstag 2068 (HDI 1981 113.300 7.349 11.8 812 1377 31.42 46-43 73.013 39687 Two PG6001 B 
Scolstag 3068 (HDj 1980 170.000 7.347 11.8 812 1377 31.42 46.44 110.419 59.581 Three PG60019 
Scolstag 406B IHD) 1981 228.500 7.286 11.8 812 1377 31.42 46.63 147.226 81.274 FourPG60018 
Scotstag 107E (HD) 1980 122.700 7.103 12.4 803 1377 32.49 48.03 $0.006 42.694 One PG7001E 
Scotstag 207E (HD) 1981 247.350 7.048 12.4 803 1377 32.49 48-41 160.013 67.337 Two PG7001E 
Scotstag 307E (HD) 1980 373.000 7.010 12.4 803 1377 32.49 48.67 240.019 1132.981 Throe PG7001E 
Scotstag 109E IHO) 1980 172.500 6.973 12.1 802 1377 32.96 48.93 118464 54.036 Ono PG9001E 
Scotstag 209E (HD) 1980 346.700 6.939 12.1 802 1377 32.96 49.17 236.920 109.772 Two PG9001E 
KANIS ENERGINE 
K COM 131 (HD) 1952 15.440 8.923 7.1 799 1216 25.61 38-24 9.970 5.760 One 03142M 
K COM 105PA IHD) 1976 38.200 8.140 10.2 756 1230 28.88 41.91 25.700 12.500 One PG5371PA 
K COM 20SPA (HD) 1976 77.100 8.066 10.2 756 1230 28.86 42.30 50.600 26.500 Two PG5371PA 
K COM 1068 jHD) 1978 56.500 7.370 11.8 812 1377 31.42 46.29 37.500 119.000 Ono PGO5418 
K COM 2068 (HDI 1978 116.000 7.185 11.8 812 1377 31.42 47.49 75.000 41.000 Two PG654`111 
K COM 109E (HD) 1978 174.000 6.9io 12.1 602 1377 33.09 49.37 114.900 59.100 Ono FIG9161 E 
K COM 209E (HD) 1978 352.400 6.825 12.1 802 1377 33.09 49.99 229.800 122.600 Two PG9161E 
K COM 109F IHO) 1987 319.500 6.640 113.5 856 1533 34.14 51-38 208.400 111.100 One PG9281F 
K COM 209F IHD) 1987 641.500 6.615 13.5 856 1533 34.14 51.58 418,800 224.700 Two PG9281F 
KVAERNER EUREKA 
S-1068 1HD) 1987 57.420 7.250 11.5 BID 1377 31.62 47.06 one MS8001 a 
S-2068 (HD) 1979 116.600 7.140 11.5 BID 1377 31.62 47.78 Two MS5001 B 
S-109B IHD) 1979 171.1100 7.050 11.6 8111 1377 33.32 48-39 One MS9001 E 
S-2098 (HD) 1979 34.464 7.000 11.6 ell 1377 33.32 46.74 Two MS9001 E 
S- I 07F (HD) 1907 218.910 6.690 13.5 856 1533 34.53 51.00 One MS7001F 
S-109F (HD) 1987 303. ODO 6.690 13.5 856 1533 34.14 51.00 Ono MS9001F 
5-225 (AE) 1979 67.000 7.280 18.7 789 1470 34.85 46.87 Two LM2500 PE 
S-250 (AE) 1983 84.600 7.560 30.0 722 1496 35.10 45.13 Two LM5000 PC 
MANGHH 
THM 1304 IHD) 1990 25.970 8.086 10.0 1248 27.90 42.19 One THM 1304 
FT8 (AE) 1990 32.280 7.010 20.1 716 1359 38.12 48.67 24.700 7.580 Ono FTS 
FTS Twin IAE) 1990 65.310 6.930 20.1 716 1359 38.12 49.23 49660 15.550 Two rye 
MITSUBISH HEAVY INDUSTRIES 
MPCPl (SOID) IHDI, 1981 144.000 7.260 14.0 794 1387 33.25 46.99 98.700 45.300 Ono MW-5011) 
MPCP2 (501D) IHD) 1981 289.900 7.215 14.0 794 1387 33.25 47.29 197.400 92.500 Two MW-5010 
MPCP3 ISOM (HO) 1981 435.500 7.200 14.0 794 1387 33.25 47.39 296.100 139.400 Three MW-501 D 
MPCP4 (501D) (HD) 1981 581.000 7.200 14.0 794 1387 33.25 47.39 394.800 186.200 Four MW-501D 
MPCPl (701D) (HO) 1981 175.800 7.390 14.0 786 1372 33.88 46.17 1119-600 56.20D Ono MW-70113 
MPCP2 (701D) (HO) 1981 353.400 7.360 14.0 786 1372 33.98 46.38 239.2DO 114.200 Two MW- 701 D 
MPCP3 (701D) (HD) 1981 530.900 7.350 14.0 786 1372 33.88 46.42 358.800 172.100 Three MW-701D 
MPCP4 (701 D) (HD) 1981 708,200 7.340 14.0 786 1372 33.88 46.48 478.400 229.800 FoLv MW-701D 
MPCPl ISOM IHM 1989 222.000 6.645 14.0 851 1487 35.28 51.34 Ono 601F 
MPCP2 (501F) lHD) 1989 447.000 6.600 14.0 851 1487 35.28 51.69 Two 501 F 
MPCP3 (501F) IHD) 1989 674.000 6.566 14.0 851 1487 35.28 51.97 Three 501 F 
MPCPl (701F) IHD) 1996 341.000 6.410 16.2 842 1497 37.04 53.23 232.500 108.500 Ono 701 F 
MPCP2 (701F) (HD) 1996 685.000 6.380 16.2 842 1497 37.04 $3.48 465.000 220.000 Two 701 F 
MPCP3 1701F) IHD) 1996 1031.000 6.360 16.2 $42 1497 37.04 53.64 597.500 333.500 Three 701 F 
MPCPl (501G) (HD) 1996 345.000 5.884 19.2 863 1593 39. D4 57.98 230.000 115.000 One SOIG 
MPCP2 1501G) (HD) 1996 690.000 5.884 19.2 663 1593 39. CK 57.98 460.000 230. ODO Two 501G 
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MITSUI ENGINEERING & SHIPBUILDING 
SB30 IND) 1985 7.700 8.968 6.7 786 1200 24.62 38.04 5.080 2.640 Ono S830 
SB60 (ND) 1985 17.650 8.230 12.1 729 1273 29.59 41.48 12.270 5.380 Ormr SB60 
5890 1HD) 1985 24.200 8.706 6.2 783 1200 24.69 39.19 14.880 9.520 One SB90 
S8120 IND) 1985 32.810 8.048 11.7 748 1273 30.49 42.39 22.340 10.470 One S0120 
NUOVO PIGNONE-TURBOTECNICA 
CC-210 (HDI 1988 27.500 7.765 14.0 735 1338 31.99 43.94 19.000 9.300 Two PGTIO 
CC-205 (HD) 1981 80.000 7.765 10.2 755 1230 29.16 43.94 51.400 29-600 Two MS5001 
CC-106 (HD) 1989 56.500 7.348 11.6 810 1377 31.62 46.43 37.900 19.500 One MS6001 
CC-206 (HD) lost 116.000 7.193 11.5 $to 1377 31.62 47.43 75.800 42.000 Two MS6001 
CC-1109 (HD1 1989 180-000 6.973 11.6 oil 1377 33.32 48-93 121-000 62.000 One MS9001 E 
CC-209 IHDII 1981 360-000 6.833 11.6 oil 1377 33.32 49.93 242.000 150.000 Two MS9001E 
PRATT & WHITNEY CANADA 
FTS (AE) 1990 32.280 7.010 20.3 716 1359 38.12 48.67 24.700 7.580 One FTS 
FTS Twin (AE) 1990 65.310 6.930 20.3 715 1359 38.12 49.23 49.660 15.550 Two FTS 
V84.2 1HD) 1988 153.000 6.705 10.7 813 1337 33.30 50.88 99-000 66.000 One V84.2 
V64.3 (HDI 1990 86.000 6.640 15.6 807 1444 35.16 51.38 58.600 29.000 One V64.3 
ROLLS-ROYCE INDUSTRIAL POWER SYSTEM 
IxRB2111AE) 1989 37.500 7.014 20.0 739 1397 35.63 48.64 26-500 11.000 Ons A6211 
2xRB21I IAE) 1989 75-100 7.000 20.0 739 1397 35.63 48.74 52-900 22.200 Two R8211 
I xTFam (AE) 1996 64.000 6.606 35.0 701 1504 41.56 51.65 49.600 14.400 On@ Trent 
2xTrent (AE) 1996 129-200 6.600 35.0 701 1504 41.56 51.69 90.200 30. ODO Two Trent 
SIEMENS/KWU 
GUD 2.64.3 IHDI 1989 177.000 6.590 15.6 807 14" 35.16 51.77 M-000 63.000 Two V64.3 
GUD 3.64.3 IHD) 1989 267.000 6.550 15.6 807 14" 35.10 62.09 175.500 95.000 Ttwas V64.3 
GUD 4.64.3 (HD) 1989 358-000 6510 IS. 6 $07 1444 35.18 $2.41 234.000 130.000 Four V64.3 
GUD 1.84.2 (HD) 1987 155.000 6.705 10.7 813 1337 33.38 50.88 99.000 59.000 On@ V84.2 
GUD 2.84.2 IND) 1967 313-000 6.665 10.7 813 1337 33.38 51.19 199-ODO 120.000 Two V84.2 
GUID 3.84.2 (HDI 1987 472.000 6.625 10.7 813 1337 33.38 51.50 297.000 183.000 Ttwas V84.2 
GUD 1.94.2 IND) 1977 227-000 6.580 15.6 Big 1346 33.42 51.07 144.000 87.000 One V94.2 
GUO 2.94.2 (HD) 1977 457.000 6.640 156 ale 1346 33.42 61.38 288.000 177.000 Two V94.2 
GUO 3.94.2 (HD) 1977 690.000 6600 156 ale 1346 33.42 51.69 432-000 269.000 Tivee V94.2 
GUD IS. 64.3A (HD) 1994 101.000 6.355 16.6 838 1520 35.80 53.69 87.500 33.500 One V64.3A 
GUD 2.64.3A (HD) 1994 205-000 6.260 18.6 838 1520 36.80 54.50 135.000 70.000 Two V64.3A 
GUD 1S. 84.3A IND) 1995 250.000 5.985 16.5 835 1513 37.99 57.01 163.500 88.500 One V84.3A 
GUID 2.84.3A (HD) 1995 499.000 5.995 16.5 $35 1513 37.99 50.91 327-000 172.000 Two V84.3A 
GUID I S. 94.3A IND) 1996 354000 5.965 16.6 835 1615 37.99 57.20 231.000 123. ODO One V94.3A 
GUD 2S. 94.3A IND) 1996 70S. 000 5.985 16.6 835 1515 37.99 57.01 452-000 243.000 Two V94.3A 
SOLAR TURBINES 
Centaur CC IND) 1981 4.160 9640 9.4 722 1154 26.36 35.39 3.010 1.150 One Centaur 
Centaur Tygw H (NO) 1985 5.265 8.325 9.3 789 1257 27.97 40.98 3.715 1.550 One Centaur H 
Cent" Taurus 1HD) 1989 5.930 9.145 11.0 772 1278 27.97 37.31 4.235 1.695 Ono Taurus 
Mws CC 1HD) 1981 11.330 8.420 15.7 739 1323 31.07 40.52 8.665 2.675 One Mors 
IPS30 (HD) 1996 28-700 7.750 17.1 761 1390 32.45 ". 02 21.390 7.310 Two 10816100 
IPS40 (HD) 1996 43-100 7.730 17.1 761 1390 32.45 ". 14 32-085 11.015 Tives Marsloo 
IPS50 (HD) 1996 57-400 7.720 17.1 761 1390 32.45 44.19 42.780 14.620 Four MsrsIO0 
IPS60 1HD) 1996 70.950 7.715 17.1 761 1390 32.45 44.22 53.475 17.475 Fwa MorsIO0 
SOVIET UNION 
GTG-35CC (NO) 1969 48.000 7.8 673 1043 24.80 32.000 16.000 One GTG-35 
GTG-45CC IND) 1989 81.000 7.8 738 1173 27.99 54.000 27.000 One GTG-45 
GTG- II SCC IND) 1994 171.000 12.3 788 1413 33.00 114.000 57.000 One GTE-I 15 
GTE-IOOCC IND) 1969 157.500 13.0 673 1190 28.49 105.000 52.500 Ono GTE-100 
GTE-15OCC 1HDj 1989 192-ODO 13.0 696 1223 30.49 128-000 64.000 One GTE- ISO 
GTE- I SOCC 1HD1 1990 235-500 13.0 803 1355 30.99 157.000 78.500 One GTE- 150 
GTE-20OCC IND) 1996 277.000 IS. 6 Ilis 1523 32.59 185,000 92.500 One GTE-200 
STEWART STEVENSON 
CC-571 K 1AE) 1986 7.700 7.730 12.7 god 1378 32.04 ". 14 5.588 2.112 One 571-K 
CCI-1600 [AE) 1987 17.900 7.127 22.0 755 1467 36.71 47.87 13.070 4.830 One LM 1600 
CCI-2500-33 (AE) 1973 30.120 6.859 18.7 801 1492 318.29 49.74 21.550 8.570 One LM2500 
CCI-5000 (AE1 1984 43.620 7.144 28.8 719 1477 36.50 47.76 32.500 11.120 One LM5000 
CCI-6000 IAE) 1990 54.100 6.400 29.5 723 1493 41.11 53.31 42.100 12.000 One LM6000 
CCI-6000 [AE) 1990 108.800 6.350 29.5 723 1493 41.11 53.73 94.200 24.600 Two LM6000 
SULZER BROTHERS 
Turbotur 206 1HD) 1974 0.500 8.160 10.0 740 1243 28.30 41.81 6.300 3.200 One Type 3 
Turbotur 306 (HD) 1974 19.100 8.150 10.0 740 1243 28.30 41.86 12.600 6.500 TwoType 3 
Turbotur 210 IHDI 1974 17-000 8.340 7.7 758 1198 24.99 40.91 10.580 6.420 One Type 7 
Twbotur 310 IND) 1974 34-000 8.330 7.7 758 1198 24.99 40.96 21.160 12,840 Two Type 7 
Turbotur 221 IHDI 1981 31-400 7.170 47.58 20.800 10.600 One Tym 10 
Turbotur 321 (HD) 1981 63-100 7.120 47.92 41.600 21.500 Two Type 10 
Turbotur 235 (HD) 1981 54.900 7.300 11.5 $to 1377 31.62 46.74 37.900 17.000 Ono MS6001 
Turbotu, 335 (HD) 1981 110.100 7.270 11.5 BID 1377 31.62 46.93 75.800 34.300 Two MS5OOI 
Turbotur 2105 11,11311 1982 165.000 6.960 11.6 oil 1377 33.32 49.02 115.600 49.400 One MS9001 
Turbolur 3105 CHO) 1982 330.100 6.950 11.6 811 1377 33.32 49.09 231.200 98.900 One MS9001 
THOMASSEN INTERNATIONAL 
STEG 1068 (HD) 1980 59.000 7.080 11.5 816 1377 31.42 48.10 38.100 21.900 One P1385411131 
STEG 109E (NO) 1986 185.200 6.730 12.1 all 1393 33.78 50-70 123-400 61.800 Ono PG917I(EI 
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I STEG 16W (AE) 1988 18-900 6.965 22.5 760 11476 35.68 48.98 13.200 5.700 One LM 1600 
STEG 2500 JAE) 1984 29.860 6.960 18.8 801 1492 38.30 49.02 MOM 8.860 One LM2500 
2 STEG 2500 (AE) 1984 60.000 6.800 18.8 801 1492 38.30 50.17 42.000 18.000 Two LM2500 
STEG 5000 me 1984 45.900 6.966 28.8 719 1476 30.50 48.98 33.000 12.900 On@ LMSOOO 
STEG BODO (AE) 1991 53.830 6.50 28.0 723 1475 40.93 52.17 40.500 13.330 One LMSOOO 
TOSHIBA 
STAG109E(HDI 1982 151.500 7.880 11.6 all 1377 33.32 43.30 One MS9001E 
STAG107E lHD) 1982 108.300 7.630 12.4 803 1377 32.49 ". 72 One MS7001E 
TURBO POWER 
FT8 ME) 1990 32.280 7.010 20.3 716 1359 38.12 48.67 24.700 7.580 One FTS 
FTS Twn IAE) 1990 65.310 6.930 20.3 716 1359 38.12 49.23 49.660 15.650 TwoFTS 
V64.3 (HDI 1990 86.000 6.640 15.6 $07 14" 35.16 51.38 58.500 29.000 One V64.3 
V84.2 WD) 1988 155.000 6.705 10.7 813 1337 33.38 50.88 99.000 59.000 One V84.2 
WESTINGHOUSE 
PACE 60 (HD) 1982 68.430 7.600 15.3 783 1395 32.34 ". 89 50.030 18.400 One CW251612 
PACE 150 (HD) 1981 152.400 7.050 14.2 794 1391 33.16 48.39 105.250 47.150 On@ W50105 
PACE 300 (HO) 1981 307.000 7.000 14.2 794 1391 33.16 48.74 210.500 96.500 Two W501D5 
PACE 450 JHD) 1981 461.000 6.990 14.2 794 1391 33.16 48-81 315.750 145.250 Three W501 D5 
PACE 600 (HO) 1981 615.000 6.990 14.2 794 1391 33.16 48.81 421.000 194.000 Four W50105 
PACE 200 (F) JHD) 1989 240.000 6.700 14 851 1487 35.17 60.92 156.000 79.000 One 501F 
I xRB211 IAE) 1989 37.500 7.014 20 739 1397 35.83 48.64 26.500 11.000 Om R8211 
2xR8211 IAE) 1989 75.100 7. ODO 20 739 1397 36.63 48.74 52.900 22.200 Two AB211 
I xTrent (AE) 1996 64.000 6.606 35 701 1504 41.56 51-66 49.600 14.400 One Trent 
2xTrem (AE) 1996 129.200 6600 35 701 1504 41.56 51.69 99.200 30.000 Two Tram 
1XI 5010 (HO) 1981 1". 000 7.260 14 794 1387 33.25 46.99 98.700 45.300 One MW-501 D 
2xl 501D IHDJ 1981 289.900 7.215 14 794 1387 33.25 47.29 197.400 92.500 Two MW-501D 
lxl 701 D (HM 1981 175.800 7.390 14 785 1372 33.88 46.17 119.600 56.200 On@ MW-701 D 
2xi 701 D IND) 1981 353.400 7.360 14 786 1372 33.88 46.36 239.200 114.200 Two MW-701 D 
1XII 501F (HD) 1989 222.000 6.645 14 851 11487 35.28 51.34 152.800 69.200 One 501F 
2xl SOIF (HD) 1989 447.000 6.600 14 851 1487 35.28 51.69 305.600 141.400 Two 501F 
1XI 701 F (HD) 1996 341.000 6.410 162 842 1497 37.04 53.23 232.500 108.500 One 701F 
2xi 701 F (HD) 1996 685.000 6.380 16.2 842 1497 37.04 53-48 455-000 220.000 Two 701F 
1XI 501 G (NO) 1996 345.000 5.884 19.2 863 1593 39.04 57.98 230.000 115. ODO One 50IG 
2xi 501G JHDJ 1996 690.000 6.884 192 863 1593 39.04 67.98 460.000 230.000 Two 50IG 
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Figure I. S. Thermal efficiency of simple cycle industrial gas turbines 
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Figure 1.6. Turbine entry temperature of industrial gas turbines 
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Figure 1.10b. Thermal efficiency of combined cycles vs. power output. 
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CHAPTER 2 
THERMODYNAMIC ASPECTS 
OF GTSI PERFORMANCE CODE 
2.1 
THERMODYAAMIC ASPECTS OF GISI PERFORMANCE CODE 
2.1. INTRODUCTION TO-PERFORMANCE SIMULATION CODES 
FOR INDUSTRIAL GAS TURBINES 
For feasibility studies, conceptual, preliminary and detailed design, development, 
testing, growth and; in, general, modifications of gas turbines, a basic tool is the 
performance simulation - capability. 
The use of these computer programmes goes 
further, and constitutes the core of the prediction of performance degradation, no 
matter which method is employed. 
At the very early stages of a design or development programme, when feasibility 
studies and conceptual design'are - carried out, the engineering tools employed are, 
mainly, the performance codes, to predict engine behaviour and evaluate various 
alternatives. 
During preliminary design, the first phase of the development of a new machine, 
the performance is predicted using characteristics of similar components, before the 
aerodynamic group is able to provide new maps, with corrections derived from 
experience. Pressure ratios, efficiencies, different types of losses, cooling flows, 
auxiliary power extraction, etc. are estimated and introduced in the code to get the 
desired parameters. 
During the detailed design, development & testing phase the component maps of 
the new engine are obtained and introduced in the code. These will be updated during 
the whole process. At this stage, more accurate prediction can be made, and the areas 
where improvement is required will be identified. 
The models are corrected and validated during the testing phase. Here, deviations 
from theoretical predictions, introduced in the code as scaling factors, must be 
understood in order to gain not only experience, but knowledge, for future projects. 
In some cases, the engine, or a major part of it, already exists, and the mission of 
the code is to evaluate possible modifications. The change from free power turbine to 
integral power turbine or vice versa, the addition of variable geometry, the 
introduction of steam/water injection, modifications in one or several components, 
etc., are examples of the kind of studies a performance code should be able to 
achieve. 
The performance expectations of engine growth are predicted using the data of 
the baseline machine. In some cases growth is not purely a change that does not affect 
the turbomachinery, and existing components are modified or new ones are 
introduced. This is the case of single shaft machines where a booster is added to 
increase mass flow and power output. ' 
When this modification of the compressor takes place it is very common to change the last turbine 
stages. 
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However, the use of performance programmes is not restricted to the design and 
development period. During the production and operation these are used to evaluate 
the most important performance parameters of every single machine. ' 
To be able to cope with these missions, a generic code should have the following 
cap abilities, already outlined in the first chapter: 
" Design and off-design performance calculations of most existing gas turbines, with 
projection for future power plants in a realistic way. 
" Capability of introducing different control laws. 
Operation with different working fluids and fuels in a wide range of temperatures 
and pressures. 
Prediction of important component and/or engine parameters such as the thermal 
efficiency, power output, mass flow, turbine cooling flows, etc. 
Capability of introducing experimental component characteristics. 
Possibility of introducing new components and/or modifying the existing ones, 
operation with variable geometry in compressor and turbines, and changes in the 
working fluid composition as off-design studies. 
Capacity of changing the fuel with minor code modifications, with data from the 
most characteristic ones already introduced (natural gas, diesel No. 2, kerosene,.. ). 
The objectives of the development of GTSI was to produce a user friendly and 
robust programme, to support the TURBOMATCH code, already developed at 
Cranfield during the last three decades, enhancing the performance simulation 
capabilities. TURBOMATCH is a completely modular programme for design and off- 
design of open cycle gas turbines. The user can specify, with complete freedom, the 
turbomachinery arrangements, no matter how realistic, but it is not flexible in the 
control of the machine. The author decided to orientate GTSI in a slightly different 
direction. 
2.2. THERMODYNAMIC ASPECTS OF GTSI 
Being a performance simulation code for open, closed and semi-closed cycles, the 
main emphasis of the programme was to obtain the best calculation as possible of the 
thermodynamic properties of several gases, offering a large degree of flexibility to the 
user. 
The companies are contractually bind to satisfy a minimum performance on each machine in terms 
of power output, thermal efficiency, etc., at a certain condition (typically SL ISA day). 
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In, most open cycles the air and combustion product properties are usually a 
function of the temperature and fuel to air ratio (FAR). The presence of water can also 
, 
be e, valuated [31], [32], [75] and [1131, although in some cases its effect on 
performance is calculated using correlations. An example for a turbojet engine is 
given by Samuel and Gale [113], using weak quadratic functions of absolute humidity 
to correct the thrust, fuel flow, airflow, compressor speed and TET. In GTSI, the 
complete thermodynamic chart of water, as steam, mixture of steam and liquid, and 
liquid was generated. Therefore the water to air ratio (WAR) is introduced as an input, 
instead of using the correction factors mentioned above. The possibility of having 
hydrogen, kerosene, natural gas, diesel No. 2 a standard mid calorific value fuel or a 
standard low calorific value fuel was added to the programme. However, if the user 
has the composition of a specific fuel, the code can be easily adapted to include it. ' 
For closed and semi-closed cycles, a generic mixture of air, argon, carbon 
dioxide, carbon monoxide, helium, hydrogen, nitrogen, oxygen and water vapour can 
be selected. 
2.2.1. FUNCTIONS FOR ENTHALPY, ENTROPY AND CONSTANT PRESSURE 
SPECIFIC HEA T 
The correct simulation of thermodynamic properties is one of the premises for the 
success of a performance code. As GTSI was written for open, closed and semi-closed 
cycles, employing different gases, the first idea was to obtain simple expressions for 
the constant pressure specific heat. 'enthalpy and entropy (or 0) of individual working 
fluids. Typically these thermodynamic properties are only a function of temperature. 
This is true at high temperatures. However, at high pressure and low temperatures, 
common conditions at the inlet of closed cycles, the pressure plays an important role. 
Hence, the GTSI thermodynamic properties (both static and total) will be a function 
of pressure and temperature: 
CP = cp (1, P) cp = Cp (T, P) 
h= h(t, p) H= H(T, P) 
0= 00, P) 0= Off, P) 
Using different sources with experimental data, such as [56] by Hilsenrath et al., 
[60] by Irvine and Liley or [68] by Keenan, Kaye and Chao, curve fitting was 
performed for the different gases. Resulting curves were checked against the NASA 
SP-273 [521. " 
The limitation in the fuel composition will be dictated by the products generated in the 
combustion. Only a combination of air (already a mixture of gases), argon, carbon dioxide, carbon 
monoxide, helium, hydrogen, nitrogen, oxygen and water vapour is possible in GTSL 
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The general form of the constant pressure specific heat, enthalpy and 0 is: 
i=6 
Cp =EaV for p =I bar 
i=O [2.1 and 2.2] 1=6 
CP=Eia, T"-" forp=10 and 40 bars 
W 14+1 
H= Ho +Eaj for p =I bar 
b-6 
i=O 
i+l 
[2.3 and 2.41 
H =, Za, T' for p =I 0 and 40 bars 
i_-o 
1 --6 
0= 
+ao In T +I: a, - (DO for p =I bar 
W1 [2.5 and 2.6] i=6 - 
Oo +aj In T+, Z aT(-) forp=10 and 40 bars 
i=2 
Although most of the gases have been simulated in this way, there are exceptions. 
Helium is one. Being a monoatomic gas, the value of Cp is almost constant for all 
pressures and temperatures. Argon is also a monoatomic gas, but it has a larger 
variation of properties than helium. At low pressure a simpler set of equations can 
been used. Hydrogen is also an exception, with the same type of equations for 1,10 
and 40 bars [2.1], [2.3] and [2.5]. The fourth one is water vapour. This fluid has 
been studied since the first boilers and steam turbines became operational. Hence, 
there are very good computational correlations for the properties, such as the ones 
developed by Hendricks and Peller [55] or by Irvine and Liley [60]. The last ones 
have been directly implemented in the GTSI thermodynamic subroutines. 
The correlations for the thermodynamic properties of the different gases are given 
in the next sections. 
2.2.2. OPEN CYCLE WITH KEROSENE 
Kerosene is not very common for industrial gas turbines. but is the normal Mel 
for aero engines. 
Its properties were taken from [121] by Sellers and Daniele, and are plotted in 
figure [2.1]. 
This reference only offers data at low pressure, and for a temperature range starting at 300 K. 
Tberefore. the low temperature and high pressure environment of a precooled closed cycle can not 
be covered with these results. 
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C A' p"" =4185.767(((((((1.0116E-25 T-1.4527E-21)T+7.6216E-18)T- 
-1.5128E-14)T-6.7178E-12)T+6.5519E-8)T-5.1537E-05)T [2.7] 
+0.2502) 
H Air =2325.426((((((((1.2644E-26 T-2.0753E-22)T+1.2703E-18)T 
-3.0257E -15)T-1.6795E -12)T+2.1840E -08)T-2.5768E -05)T [2.8] 
ý+2.5020E -OI)T-1.7559) 
oAtr =4185.767(2.5020E-OlInT+((((((1.445]E-26 T-2.42]]E-22)T 
+1.5243E-18)T-3.782]E-IS)T-2.2393E-12)T+3.2760E-08)T [2.9] 
-5-1577E-05)T+4.5432E-02) 
C Fsiel p" =4185.767(((((((7.2679E-25T-1.3336E-20)T+1.0213E-16)T- 
-4.205]E-13)T+9.9687E-1O)T-1.3772E-06)T+1.2259E-03)T [2.10] 
+ 7.3817 E- 02) 
H Fuel =2325.426((((((((9.0848E-26 T-1.905]E-21)T+1.702]E-17)T 
-8.4102E-14)T+2.4922E-JO)T-4.5906E-07)T+6.1293E-04)T [2-111 
+7.3817E -02)T+3.0582EOI) 
oFuel =4185.767(7.3817E-02lnT+((((((1.0383E-25 T-2.2226E-21)T 
+2.0426E-17)T-1.0513E-13)T+3.3229E-JO)T-6.8860E-07)T [2.12] 
+1.2259E-03)T+6.4834E-01) 
A' Fuel 
Cp, &,, Cp" +FAR Cp, " [2.131 
F ]+FAR 
H products 
H"" +FAR H 
Fuel 
[2.14] 
]+FAR 
, a)products 
OA" +FAR (PFel [2.15] 
]+FAR 
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Figure 2.1. Constant pressure specific heatfor kerosene combustion products 
at stoichiometric conditions and wilh 100% excess air - 
2.2.3. OPEN CYCLE WITH NATURAL GAS 
Natural gas is, probably, the most common fuel for industrial gas turbines. But 
there is not a unique composition for this mixture of hydrocarbons. Hence, the 
thermodynamic properties will change according to the source. As the main element is 
methane, we have selected two possibilities: the first one considers natural gas as pure 
methane (CH4), while the second one is CH3.9. The differences between both cases 
are very small. 
Although not very important for the composition, several requirements are 
usually established for the gaseous fuels contaminant content in terms of sulphur, 
vanadium, sodium, potassium, calcium, lead, zinc, cooper, iron, chlorine, 
magnesium, etc. 
The thermodynamic properties are defined only as a function of temperature. 
After combustion the high pressure and low temperature environment is not realistic. 
The constant pressure specific heat, enthalpy and 0 are, for stoichiometric conditions, 
as described by equations [2.1], [2.3] and [2.5], with the constants HO=a7 and 
00=a8. The coefficients aj are given by Table 2.1 for methane and Table 2.2. for 
natural gas. 
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Figure 2.2. Constant pressure speciftc heatfor methane (CH4) combustion products 
at stoichiometric conditions and with 100% excess air 
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Figure 2.3. Constant pressure specific heatfor Natural Gas (CH3.9) combustion products 
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TABLE 2.1. CONSTANTS FOR METHANE COMBUSTION PRODUCTS 
ao = 1.1955 E03 a, =-3.5962 E-01 a2 = 1.2098 E-03 
a3=-9.3580 E-07 a4=3.2318 E-10 a, 5=-4.2264 E-14 
a6=6.0526 E-20 a7= -4.6467 E03 a8 = 5.6577 E02 
i 
TABLE 2.2. CONSTANTS FOR NAIVRAL GAS COMBUSTION PRODUCTS 
ao=1.1955 E03 a, =-3.5692 E-01 a2 = 1.2055 E-03 
a., =-9.3350 E-07 a4=3.2256 E-10 a5=-4.2198 E-14 
a6 = 6.0237 E-20 a7=-4.6281 E03 a8 = 5.6902 E02 
2.2.4. OPEN CYCLE WITH DIESEL No. 2 
, Distillate Diesel No. 2 is also a very common fuel for industrial gas turbines. A 
widely accepted composition is CHI. 56, equivalent to an 87 % of carbon and a 13 % of hydrogen (by mass), with limits in the aromatics (around 35% by volume) and olefins 
(around 5% by volume). The constant pressure specific heat, enthalpy and 0, at 
stoichiometric conditions, are given, as in the case of methane and Natural gas, by eq. 
[2.1], [2.31 and [2.5]. The coefficients are in table 2.3. 
Cp FOR DlS7XLA7E DIESEL No. 2 COMBUS77ON PRODUCTS 
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Figure 2.4. Constant pressure specific heatfor Diesel NO-2 (CHI., sd combustion products 
at stoichiometric conditions and with 100% excess air 
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TABLE 2.3. CONSTANTS FOR DIESEL No. 2 COMBUSTION PRODUCTS 
ao 1.1066 E03 a, =-2.6224 E-01 a2=1.0521 E-03 
aj=-8.5279 E-07 a4=3.0078 E-10 a5=-3.9880 E-14 
a6=5.0089 E-20 a7=-3.9762 E03 a8=6.8339 E02 
As in the case of gaseous fuels, the fuel quality is an important requirement, with 
limits in the content of sulphur, vanadium, sodium, potassium, calcium, lead, zinc, 
cooper, etc. Maximum values of ash, carbon on 10% residuum, particulate, water and 
sediment are also established. 
2.2.5. OPEN CYCLE WITH MID AND LOW CALORIFIC VALUE FUELS 
While kerosene, methane, natural gas and diesel have high calorific values, 
_located 
typically in the range of 40-50 MJ/kg, there are other fuels, coming from 
residuals, coal gasification, etc. that have a substantially lower calorific value. 
It is not easy to make a clear division of what can be considered as low, mid or 
high calorific value. The following classification is made here: below 10 MJ/kg for 
low calorific value, between 10 and 30 MJ/kg for mid calorific value and above 30 
MJ/kg for high calorific value. 
There will be a very large number of fuel compositions. In Tables 2.4 and 2.5 
two characteristic cases are shown. The thermodynamic properties are obtained, as in 
the previous sections, with equations [2.1], [2.3] and [2.51, where HO=a7 and 00=a8. 
TABLE 2.4. CONSTANTS FOR MID CV GAS COMBUSTION PRODUCTS 
ao=9.7261 E02 a, = 1.2611 E-01 a2=5.2822 E-04 
a3=-5.1059 E-07 a4=1.8826 E-10 a5 = -2.5 101 E- 14 
a6= 1.2434 E-20 a7= -1 *0009 E02 
a8 = 9.2543 E02 
TABLE 2.5. CONSTANTS FOR LOW CV GAS COMBUSTION PRODUCTS 
ao= 1.0516 E03 a, = -2.9073 E-02 a2=7.4961 E-04 
a3=-6.4664 E-07 a4=2.3089 E-10 a, =-3.0459 E-14 
a6=2.7940 E-20 a7= -1.5200 E03 a8 = 8.0394 E02 
2.10 
THERMODYNAMIC ASPECTS OF GTSI PERFORMANCE CODE 
Cp FOR MEW CAL ORIFIC VAL UE GA S COMBUS TION PRODUC TS 
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Figure 2. S. Constant pressure specific heatfor mid calorific value gas combustion products 
at stoichiometric conditions and with 100% excess air 
Cp FOR LOW CALORIFIC VALUE GAS COMBUSTION PRODUCTS 
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Figure 2.6. Constant pressure specific heatfor low calorific value gas combustion products 
at stoichiometric conditions and with 100% excess air 
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2.2.6. OPEN CYCLE WITH HYDROGEN 
Although still not in commercial use, hydrogen is, probably, the most promising 
fuel for gas turbines. It is clean (its combustion produces just water vapour, with no 
COx'/ NOx emissions), with a very high calorific value (around 120 MW/kg) and the 
combustion product (water vapour) has a very high cnthalpy. However, its 
manipulation, at ambient or high temperature, is very dangerous. Again, eq. [2.1], 
[2.31 and [2.5] describe the thermodynamic properties, and the coefficient for these 
equations are given in table 2.6. 
TABLE 2.6. CONSTANTS FOR MID CV GAS COMBUSTION PRODUCTS 
ao= 1.3050 E02 a, =-5.7266 E-01 a2=1.5100 E-03 
a3 =-11 1200 E-06 a4=3.7900 E-10 a., =-4.9300 E-14 
, La6=8.1700 
E-20 a7= -6.5748 E03 a8=3.9581 E02 
Cp FOR HYDROGEN COMBUS 77ON PRODUCTS 
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Figure 2.7. Constant pressure specific heatfor hydrogen gas combustion products 
at stoichiometric conditions and with 100% excess air 
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2.2.7. CLOSED CYCLE GASES: AIR, ARGON, CARBON DIOXIDE, CARBON 
MONOXIDE, HELIUM, ' HYDROGEN, NITROGEN, OXYGEN AND WATER 
VAPOUR 
In operational closed cycles the most common working fluids are air, helium, 
carbon dioxide, argon and xenon. The semi-closed cycle that will be extensively 
treated in this thesis will use carbon dioxide, argon and water vapour, burning a fuel 
that is a mixture of carbon monoxide, carbon dioxide and hydrogen, with the oxidizer 
being a mixture of oxygen and argon. 
Therefore, the thermodynamic properties of the following gases will be simulated 
in detail: air, argon, carbon dioxide, carbon monoxide, helium, hydrogen, nitrogen, 
oxygen and water vapour. The author could not find the thermodynamic properties of 
xenon as a function of temperature and pressure. NASA SP-273 [52] gives the 
polynomial approximation of the properties for most of the gases as a function of 
temperature. Hence, this reference will be'Used for other gases. 
Equations [2.1], [2.3] and [2.5] for I bar and [2.2], [2.4] and [2.6] for 10 and 40 
bars, describe the thermodynamic properties of almost all the gases considered in this 
section with Ho=a7 and 00=a8 for the 1 bar case and 00=a7. for the 10 and 40 bar 
cases. The exceptions are helium, that has constant Cp, hydrogen, that will be 
simulated with equations [2.11, [2.3] and [2.5] for 1,10 and 40 bars and water 
vapour, that was taken from [60], Other exception could be the properties of argon at 
I bar, given by eq. [2.1], [2.3] and [2.5] and the coefficients of table 2.9A or by the 
following system: 
C, =a, + a, [2.16] T 
H=H, +aoT+allnT Ho =a2 [2.17] 
00 +ao In T -L' 0. =a, [2.181 T 
TABLE 2.7. CONSTANTS FOR ARGON AT I BAR 
ao=5.1997 E02 a, = 4.8161 E02 a2=-2.8256 E03 
a. = 9.1442 E03 
Tables A, B and C will give the constants for constant pressure specific heat, 
enthalpy and 0 (entropy) at 1,10 and 40 bars respectively. 
THERMODYNAMIC ASPECTS OF GTSI PERFORMANCE CODE 
2.13 
2.2-7.1. Thermodynamic Propetfies of Aij7 
TABLE 2.8A. CONSTANTS FOR AIR AT I BAR 
ao = 1.05 90 E03 aj=-4.9712 E-01 a2= 1.3360 E-03 
a3=-1.1073 E-06 a4=4.0472 E-10 a, 5=-5.5330 E-14 
a6=-9.8539 E-20 a7=-5.2800 E03 a8=-2.4304 E02 
TABLE2.8B. CONSTANTS FOR AIR ATIO BAR 
ao =-1.1707 E04 a, = 1.0687 E03 a2=-1.9415 E-01 
a3=3.0254 E-04 a4=-1.4040 E-07 a5 = 2.3730 E- II 
a6=-4.0032 E-16 a7=2.9031 EOI 
TABLE 2.8C. CONS TANTS FOR AIR AT 40 BA R 
ao=-3.5840 E04 a, = 1.1531 E03 a22=-3.0047 E-01 
a3=3.6598 E-(9 a4=-1.5666 E-07 a. 5=2.4357 E-11 
. 
a6=-1.4208 E-16 a7= -8.1485 E02 
CONSTANT PRESSURE SPECIFIC HEA T FOR AIR 
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Figure 2.8. Constant pressure specific heatfor air at 1,10 and 40 bars 
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2.2. 
ý 
7.2. Thermodynamic ProperVes of Argon 
TABLE 2.9A. CONSTANTS FOR ARGON AT I BAR 
ao = 5.25 10 E02 a, =-1.8068 E-02 a2=2.6017 E-05 
a3=-1.7662 E-08 a4=5.6700 E-12 a., =-6.9586 E-16 
a6 = 8.9744 E-22 a7=-7.4812 E02 a8=8.8624 E02 
TABLE 2.9B. CONSTANTS FOR ARGON AT 10 BAR 
ao=-6.9068 E03 a, =F5.4539 E02 a2=-3.5341 E-02 
a3=2.4701 E-05 a4ý---8,1883 E-09 a5=9.2283 E-13 
a6=4.2449 E-17 a7=3.0013 E02 
TABLE 2.9C. CONSTANTS FOR ARGON AT 40 BAR 
ao=-3.1762 E04 a, = 6.4684 E02 a2=-1.9911 E-03 
a3=1.5547E-04 a4=-5.8954 E-08 ai=8.7622 E-12 
6' -5.3610 E-17 f 
a '= -8-1485 E02 a7=ý I I 
CONS TANT PRESSURE SPECIFIC HEA T FOR ARGON 
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Figure 2.9. Constant pressure specific heatfor argon at 1,10 and 40 bars 
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2.2.7.3. Thermodynamic Properties of Carbon Dioxide 
TABLE 2.1 OA. CONSTANTS FOR CARBON DIOXIDE AT I BAR 
ao=4.2422 E02 a, = 1.8618 EOO a2=-1.8068 E-03 
a. = 1.0375 E-06 a4=-3.2606 E-10 a, 5=4.3032 E-14 
, 
a6=-1.5604 E-19 a7= 1.7637 E04 a8= 1.9550 E03 
TABLE 2.10B. CONSTANTS FOR CARBON DIOXIDE AT 10 BAR 
ao=-2.6230 E04 a, = 6.1387 E02 a2=5.8227 E-01 
a3=-2.5931 E-04 a4=6.9978 E-08 a, =-9.6851 E-12 
a6=3.8926 E-16 a7=5.8465 E02 
I I 
TABLE 2.10C. CONSTANTS FOR CARBON DIOXIDE AT40 BAR 
ao=-i. 5540 E05 al=6.1387 E02 a2=-2.8767 E-01 
a3=4.3619 E-04 a4=-1.9901 E-07 as = 3.1304 E- II 
a6= 1.9894 E-17 a7=-2.3545 E03 
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Figure 2.10. Constant pressure speciflc heatfor C02 at 1,10 and 40 bars 
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2.2.7.4. Thermodynamic Prq s pertie of Carbon Monoxide 
TABLE 2.11A. CONSTANTS FOR CARBON MONOXIDE AT I BAR 
ao = 1.1204 E03 a, ='6.6026 E-01 a2 = 1.6747 E-03 
a3=-1.3933 E-06 a4=5,1439 E-10 a., = -7.1479 E- 14 
a6=-1.0008 E-20 a7= -7.4171 E03 a8=8.0186 E02 
TABLE 2.11B. CONSTANTS FOR CARBON MONOXIDE AT 10 BAR 
ao=4.5647 E04 a, = 1.2407 E03 a2=4'1559 E-01 
a., =4.8209 E-04 a4=-2.0813 E-07 a., =3.3073 E-11 
a6=-2.9641 E-16 a7=-9.5210 E02 
I I 
TABLE2.11C. CONSTANTSFOR CARBON MONOXIDE AT40 BAR 
ao=-3.5840 E04 a, = 1.1531 E03 a2=-3.0047 E-01 
a3=3.6598 E-04 a4=-1.5666 E-07 a5=2.4357 E-11 
, 
a6ý---1.4208 E-16 a7= -8.1485 E02 I I 
CONSTANT PRESSURE SPECIFIC HE4 T FOR CARBON MONOXIDE 
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Figure 2.11. Constant pressure specific heat for CO at 1,10 and 40 bars 
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2.2.7.5. Thermodynamic Properties of Helium 
TABLE 2.12A. CONSTANTS FOR HELIUM AT 1,10 AND 40 BAR 
ao=5.1931 E03- a, = 0.0000 a2ý0-0000 
a3=0.0000 a4==0.0000' a. 5 = 0.0000 
, 
a6=0.0000 a7= . 0547 
E03 a8 = 9.0705 E03 
CONSTANT PRESSURE SPECIFIC HEA T FOR HEUUM 
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Figure 2.12. Constant pressure speciflc heat for helium at 1,10 and 40 bars 
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2.2-7.6. Thennodynamic Properfies of Hydrogen 
TABLE 2.13A. CONSTANTS FOR HYDROGEN AT I BAR 
ao = 1.2716 E04 a, =9.4731 EOO a2=-1.9290 E-02 
a. --= 1.8761 E-05 a4=-7.9183 E-09 a, 5 = 1.2276 E- 12 
a6=-3.3185 E-18 a7= 1.25 83 E05 a8 = -9.7873 E03 
TABLE2.13B. CONSTANTS FOR HYDROGEN AT 10 BAR 
ao=1.2533 E04 a, = 1.0948 EOI a2=-2.2894 E-02 
a3=2.2514 E-05 a4=-9.7064 E-09 a. 5=1.5748 E-12 
a6=-1.7098 E-17 a7F: 1.4305 E05 a8=-1.8575 E05 
TABLE 2.13C. CONSTANTS FOR HYDROGEN AT 40 BAR 
ao= 1.2926 E04 a, = 9.1634 EOO a2=-1.9765 E-02 
a3 = 1.9887 E-05 a4=-8.6443 E-09 a5=1.4026 E-12 
a6=-1.4050 E-17 a7= 9.6924 E04 a8 = -2.35 89 E04 
CONSTANT PRESSURE SPECIFIC HE4 TFOR HYDROGEN 
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Figure 2.13. Constant pressure specific heat for hydrogen at 1,10 and 40 bars 
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2.2.7.7. Thermodynamic Properties of Nitrogen 
TABLE 2.14A. CONSTANTS FOR NITROGEN ATI BAR 
ao=1.1261E03 a, =-6'. 5335 E-01 a2 = 1.5330 E-03 
a3=-1.2095 E-06 a4=4.2833 E-10 as=-5.7791 E-14 
a6=8.6364 E-20 a72-- -8.5332 E03 a8 = 5.5542 EO 2 
YABLE2.14B. CONSTANTS FOR NITROGEN AT 10 BAR 
ao =-1.6844 E04 a, = 1.143 8 E03 a2=-2.9284 E-01 
a3=3.8508 E-04 a4=-1.7118 E-07 a., =2.8171 E-11 
. 
a6=-4.5288 E-16 a7=-2.4390 E02, 
I I 
TABLE 2.14C. CONSTANTS FOR NITROGEN AT 40 BAR 
ao=-4.0259 E04 a, = 1.2253 E03 a2=-3.9314 E-01 
a_; =4.4285 E-04 a4 1.8492 E-07 a5=2.8334 E-11 
, _a6=-1.7645 
E-16 a7=-1.0873 E03 I I 
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Figure 2.14. Constant pressure speciflc heatfor nitrogen at 1,10 and 40 bars 
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2.2.7.8. Thermodynamic Properties of Oxygen 
TABLE 2.15A. CONSTANTS FOR OXYGEN AT I BAR 
ao=9.0012 E02 a, =-1.8655 E-01 a2 = 1.1492 E-03 
a3 1.2147 E-06 a4=5.2538 E-10 a, 5=-8.2908 E-14 
a6=3.3399 E-19 a7=3.1994 E03 a8 = 1.2915 E03 
TABLE 2.15B. CONSTANTS FOR OXYGENATIO BAR 
ao=5.0559 E03 a, = 8.4345 E02 a2=1.2505 E-01 
a3=4.1876 E-05 a4=-4.4464 E-08 a, 5 = 1.0047 E- II 
a6=-2.4590 E-16 a7=9,1911 E02 
I 
TABLE 2.15C. CONSTANTS FOR OXYGEN AT 40 BAR 
ao = -2.1415 E04 al=9.3653 E02 a2*21.3420 E-03 
a3 = 1.2113 E-04 a4=-6.7534 E-08 a, 5 = 1.1894 E- II 
a6 = -3.2348 E- 17 a7=7.1844 EOI I 
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Figure 2.15. Constant pressure specific heatfor oxygen at 1,10 and 40 bars 
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2.2.7.9. Thermodynamic Properries of Water Vapour at LoW Pressure 
TABLE 2.16A. CONSTANTS FOR WATER VAPOUR AT I BAR 
ao = 9.0012 E02 a, 1.8655 E-0 I a2 = 1.1492 E-03 
a. 3=-1.2147 E-06 a4=5.2538 E-10 as=-8.2908 E-14 
a6=3.3399 E-19 a7=3.1994 E03 a8 = 1.2915 E03 
CONSTANT PRESSURE SPECIFIC HEA T FOR WATER VAPOUR 
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Figure 2.16. Constant pressure specific heatfor water vapour at I bar 
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2.2.8. OPEN CYCLE WITH A GENERIC FUEL: MIXTURE OF GASES 
When a generic fuel is used, the combustion products will be a combination of 
the gases considered in the previous section, mainly nitrogen, oxygen, carbon 
dioxid 
' 
e, argon and water vapour. -Therefore, 
if the thermodynamic properties are 
calculated using a mixture of gases, almost any fuel could be easily simulated. 
2.2.8.1. Thermodynamic Properfies of Mixture of Gases 
To evaluate the constant pressure specific heat, enthalpy and entropy of a mixture 
of gases the Dalton's Law is employed. 
If the constant pressure specific heat is expressed, as a function of temperature, in 
the same way for all the gases of the: mixture, as happen with air, argon, carbon 
monoxide, carbon dioxide, helium, nitrogen, oxygen and low pressure water vapour 
in the previous section, then it will be easy to write the cnthalpy and phi with a 
unique expression. If the low pressure (1 bar) case is selected, Cp, H and 0 will be: 
j--6 
Cp =EajTJ 
j=o 
[2.191 
j=6 J=6 
Cp"x =ExCp, =Ex, Za, TJ =, y Yxa, T' [2.20] 
yj vi 
(j--o 
J-0 
( 
vi 
Tr 
HAflx=H, ""+f ExjCpj dT=Ho""+f Exi(±aUTJ))dT= 
TO vi TO 
( 
vi J-0 
TJ*' 
[2.21] 
""'+±j Exjay TJdT=Ho""+J'd Exjay = Ho, ' 
j --- 0 To 
( 
Vi J-0 
( 
yl 
j+l 
OA41X 
TZ 
Cp 1) 
dT 
+ 
(J'6 dT 
= 00". +f xi T 
00 f X, Ea, TJ T 
TO To Vi J-0 [2.22] 
J-6 Ti 
4)0", x +Ex, a. TJ -'dT = Oom" +EEx, a, 
j--O To( Vi j. 0 
( 
vi 
)i 
To \, Vi 1 30 ý vi kjo ji [2.211 
H ""'+±j Exjay TJdT=Ho""+J'd 
TJ*' 
o, ' 
E Exa, 
j --- 0 To 
( 
Vi J-0 
( 
yl 
) 
j+l 
Unfortunately, this situation will not be very frequent and, if the expressions are 
not the same, it will be necessary to unify them, using dummy coefficients for some 
terms: 
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IIM. I Cp =ExCp, =, 
Z E%fj(T) E Exiau fj(T) [2.231 p 
vi vi 
(Vi 
yj vi 
T 
Hu" = Hou" +fE Exiau fj (T)dT [2.241 
T, Vj 
( 
Vi 
VAT 
=0 Mir +TE 
T 
0f(. 
Zxiau)fj(T)L [2.251 
T, Vj Vi T 
2.2.9. VALIDATION OF GAS MIXTURE METHOD 
Dalton's law employed for gas mixtures is generally accepted for moderate 
pressures and temperatures. However, due to the great importance of the 
thermodynamic properties in the performance simulation codes, a validation exercise 
was made. 
Three were the cases selected for this process: air at low pressure (figure 2.17) 
and stoichiometric mixture of air and kerosene (figure 2.18) and air at high pressure 
(figure 2.19). In all the cases the results were extremely good, giving small 
discrepancies between the initial constant pressure specific heat, from experimental 
results, and the one obtained as a mixture of individual gases. 
VALIDA TION OF CONS TANT PRESSURE SPECIFIC HE4 T FOR AIR 
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Figure 2.17. Constant pressure specific heat for air at low pressure. 
Validation of Dalton Is Law 
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VALIDATION OF Cp FOR KEROSENE COMBUSTION PRODUCTS 
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Figure 2.18. Constant pressure specific heat for kerosene combustion products. 
Validation of Dalton Is Law 
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Figure 2.19. Constant pressure specific heat for air at high pressure. 
Validation of Dalton Is Law 
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2.3. TURBOMACHINERY CORRECTED PARAMETERS 
2.25 
Typically, turboinachinery maps are presented using non-dimensional mass flow, 
non-dimensional speed, pressure ratio or non-dimensional enthalpy and efficiency. 
However, in most cases, these terms cover just partially the Mach number similarity: 
Non dimensional mass flow 
WrT- 
P 
Non dimensional speed 
N 
-IIrT 
Non dimensional enthalpy 
AH 
T 
Corrected mass flow, speed and enthalpy can also be employed: 
w, /e Nm 
3' ý_o ,0 
If the changes in the thermodynamic properties are relatively small, these 
approximations can be considered sufficient. In the case of closed cycles, comparison 
between cold flow tests and real engine behaviour or, in general, when the variation 
in thermodynamic properties are substantial, the full expression must be considered, 
as shown in refs. [32] and [75]. 
2.3.1. MASS FLOW CORRECTION FUNCTION 
Non dimensional mass flow can be expressed as: 
W, f T- 
[2.261 
AP R 
1+ 7-1 M2 
(2 
Therefore, for two different conditions the flow correction factor, based on the 
Mach number similarity, will be 
+1 
[, -y-2R, T, P2 
(I 
+'Yl 21M, 
-2 Fy, --Jj 
[2.271 fw 
y +1 , yj R2 T2 P, (1 
+72 m2 
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Typically, the Mach number term is neglected, as the error introduced is, most of 
the times, small enough. In figure 2.20, the ratio of both terms is shown for two 
cases: 
A change in the ratio of constant specific heats from 1.4 to 1.36, with the same 
gas constant, 287 J/kg K, entry temperatures of 300 and 475 K respectively and 
the same inlet pressure (CASE 1) 
A change in the ratio of constant specific heats from 1.4 to 1.26, a variation in the 
gas constant from 287 to 189 J/kg K, the same entry temperature, 300 K, and the 
same inlet pressure (CASE II). 
The Mach number will be changed between 0 and I- 
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Figure 2.20. Mach numberfactor in the mass flow correction function 
If the Mach number term is not considered or, in other words, its value is 
selected as zero, the flow correction factor will be: 
fw = 
y2RITI P2 
, y, R2 T2 PI 
[2.281 
In many cases, to consider the Mach number terms, its value is assumed to be 
one. In turbomachinery simulation, specially in turbines, as the flow is close to sonic 
conditions, the error will be smaller than in the previous case, as demonstrated by 
Duponchel, Loisy and Carrillo [32]. The correction factor will then be: 
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Y, +1 
ly 1 +1)2(yi-1) 
fw 
fy2lý17T, P2 2 
7'1 
[2.291 
yjR2T2 PI ly2 + 32 -(-y2 - 
2 
The third option is to select a characteristic Mach number for each individual 
component, and employ the full expression: 
y +1 
p 
(I 
+ M's 
fw = 
172RITI 
22 [2.301 -yR2T2 
PI 
1+72-1 MDS2 
2(yj-l) 
2)Y, 
+' 
The mass flow function will be, for the two cases described, as follows 
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Figure 2.21. Mass flow correction function 
2.3.2. SPEED CORRECTION FUNCTION 
In a similar way as the corrected mass flow, the rotational speed, or 
circumferencial Mach number, can be written as: 
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M =2nr 
N 
[2.311 ? yRt 
The speed correction factor can be expressed as: 
2ý'K212 
1+71- 
IM2 
RIT I 
), yý2 
FR2T2 
2 [2.32] fN 
7 I RIT M2) 71 T, +72 
2 
As in the previous case, the Mach number term is usually neglected, and the 
factor will be: 
72R2T 2 
71 R, T, 
[2.331 
The error introduced by suppressing the Mach number term is plotted in the next 
figure for the cases specified in the previous section. 
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Figure 2.22. Mach numberfactor in the speed correction function 
If the Mach number is taken as unity the speed factor will be: 
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172R2T2 71 +- 
[2.341 ý y, R, T, y2 +1 
If the Mach number is selected for each component, the factor is: 
1+71-ýM, S-' R 
F2T 
'2 
., 
Ly2K2 2 
IRIT II T 
[2.351 
7 yjR, 1 -1 MDSI I T, 
(1+722 
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Figure 2.23. Speed correction function 
2.3.3. SPECIFIC WORK CORRECTION FUNCTION 
The specific work is proportional to rotational velocity squared. Hence, the terms 
will be, when neglecting the Mach number term, selecting the Mach number as unity 
or considering a design Mach number, as follows: 
fAM 
=, 
y2R2T2 [2.361 
yj R, T, 
fAm 
= 
y., R2T2 yj +1 [2.371 
y, RITI y2 +1 
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1+ 
71 -1 MDS2 
f 
Aff = 
y2R2T 2 
yj R, T, + 72 
2' 
MDS2 
[2.381 
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Figure 2.24. Specific work correction function 
2.3.4. PRESSURE RATIO CORRECTION FUNCTION 
The correction for the pressure ratio will be derived from the combination of 
specific work and efficiency, which has no correction function. 
First, the isentropic enthalpy change, therefore the isentropic temperature, will be 
calculated. Then, using the isentropic process definition, the pressure ratio is found. 
17 = 
AH [2.39] 
AHjs 
0= dT _R In [2.401 
TCP 
T T, P, 
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3.1. INTRODUCTION 
3.1 
The main objectives of the code are the realistic design and off-design 
performance calculations of most existing gas turbines, with projection for future 
power plants, together with implementing easily changes of different models in the 
modules. 
One, two and three spool machines, with the option for a booster in the low 
pressure shaft (in the one and two spool cases), plus the possibility of adding an 
additional shaft for the free power turbine will constitute the skeleton of the 
programme. 
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Figure 3.1. AGTJ-IOOA arrangement 
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-GEN- 
122 MW 
Models for traditional components, such as the inlet, compressor and booster, 
turbine, combustion chamber, heat exchangers, regenerator and exhaust nozzle were 
developed. In addition, evaporative cooler', steam injection system, reheat', steam 
One of the methods used as an intercooler is the evaporative cooler, where water is added to a hot 
stream. The cooling limit is reached when the relative humidity of the stream is 100%. 
This system is becoming more and more popular, and several manufacturers have included this 
option in their standard machines. An increase in efficiency and power output, together with a 
very important reduction of NOx emissions, make this system very competitive. 
3 During the last decade at least two reheat gas turbines have been tested at full scale. The Japanese 
AGTJ-lOOA/B did not enter in production but the ABB GT24/GT26 are already in service. The 
complexity introduced by the reheat is impressive, but the advantages of very high specific power 
output, together with the suitability combined cycle application, make this system very attractive. 
P-10MKq/CM 
Tu 1s", e- 
G- 220 Ko 
AP 
)Omrn 100rnr" 
MIO K20 
1073P 11.023P 
6094T I 5T 
232.95G 220G 
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generator and bottoming cycle' models are necessary for industrial gas turbine 
simulation. An example that merges most of these features is the Japanese Moon 
Light Project [57], [90] and [127], where two advanced prototype gas turbines, the 
AGTJ-100A and AGTJ-IOOB, were built for on-site testing . The arrangement of this 
twin spool reheat gas turbine is shown in figure 3.1. 
The transient capabilities, [32], [621, [691, [84], [114], [1151, [120] and [121], 
have not been mentioned in detail. The main reason, outlined in the first chapter, is 
the lack of experimental data for validation. Also, some characteristics of the engines, 
such as shafts inertia, speeds, fuel and variable geometry schedules, acceleration / 
deceleration limits, etc., are not known. The transient simulation of heat exchangers 
has also been simplified. Accurate models for heat transfer must be developed, in 
order to obtain, in a realistic way, the behaviour of the gas turbine. In figure 3.2 the 
transient operation of a regenerative machine, with and without detailed simulation of 
the regenerator is presented. It can be appreciated that the presence of heat 
exchangers causes a very important modification in transient performance due to the 
different characteristic time response of the turbomachinery and the heat exchanger. If 
the acceleration/deceleration is slow enough to allow regenerator heat soakage, the 
transient and steady state simulations will be basically the same. 
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Figure 3.2. Transient operation of a regenerative gas turbine with and without detailed simulation of 
the heat exchanger. 
As shown in the first chapter, the efficiencies achieved by the combined cycles are in the range of 
55%-60% and the target of 65% seems possible in the next few years. Hence, the simulation of 
the bottoming cycle, although not in detail, will be very useful. 
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3.2. INLET 
Industrial gas turbine inlet generates pressure losses due to the bell-mouth inlet, 
acoustic silencers and other installation devices. These could be included as part of 
this system for analysis. Further details are given in [72], [75], [83] and [97]. 
Less frequent is the use of anti-icing valves. When this system is in operation the 
valves are open, and a bleed from the compressor is introduced, with the consequent 
increase in inlet temperature. The inlet pressure will not be substantially affected, as 
this flow is relatively small compared with the main flow. 
The static/total pressure and temperature profile measurement in a section of 
given area is very important for the analysis of mass flow calculation. 
3.2.1. INLET DESIGN POINT SIMULA TION 
The generic equations which model the inlet at design point (mass flow, species, 
momentum and energy conservation) are: 
W. =W, +W [3.1a] 21 imli-king = 
WO + Wanll-kbig 
W.. X'W, +x Xlw, +x, win -icing anti -icing =00- anti -icing 
Wnd-icing 
[3.2a] W1 + Wanti-icing Wo + W. a -icing 
ApDS 
er other 
2)= PO(l- 
I 
I- 
- 
P, [3.3al 
P, 
(I 
P, PO PO 
)( 
0 7rDý 
s DS P, D IrotSher 7rbell-niouth 
silencer 
(W, H, + W, i -, i, 
H 
H, = -iý, igH,., i-iig) - 
(W Ho + W,., i [3.4a] W, + W.. 
Ii-ili"9 
WO + Wli 
-king 
The compressor inlet flow composition can be different from the upstream station 
if the anti-icing bleed employed has different species (i. e. flow extracted from the exit 
of the high pressure compressor with evaporative intercooler between LPC and HPC). 
However, in most cases, there will be no mass flow addition across the inlet, and 
the installation losses (silencer .... ) will not be considered, simplifying the equations 
above: 
W. =W, =W, 210 
1ii xý ýXI =Xo [3.2b1 
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3.4 
p _; TýDS 
P2 = PI 
(1 
- 
P, 
Pý('- 
P, "_Mouth [3.3b] 
H, =H, =Ho [3.4b] 
At design, the mass flow and inlet area (or desired Mach number) will be known, 
calculating the static temperature, static pressure and Mach number (or inlet area) 
from the following equations: 
T, [3.51 
1 +'YJ -IM, 2 
2 
A 
pi [3.61 
(1+71 
21 
M12 
AIP A 
yj+l 
[3.71 
'Y' 
,2) 
2(y, -1) 
2 
The same equations can be employed to evaluate the variables at station 2 
(compressor inlet face). However, as the Mach number at this station can be high, the 
exact thermodynamic relations were employed: 
9 
H, =h2+ 
I 
V2 =h+I y2R2t2M22 [3.81 2.2 
AS =0=(45, -0,, )-R21n 
p 
22 [3.91 
W, =p VA = 
P2 ý-, 
y2R2t2 A, 2 [3.101 2222 R2t2 
M2 
For open cycles the water air ratio is given at station 0 (ambient). The calculation 
of the water air mixture properties at the static temperature of the flow can be 
performed in the following way (for station 2 analogous expressions will be obtained): 
CPI = 
Cp, DG,,, (I+ FAR, ) +Cp, v,, m, 
WAR, 
[3.111 
I+FAR, +WAR, 
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3.5 
H, = 
HIDYG,. (I + FAR, ) + H, v,, m, WA R, [3.121 
1 +FAR, +WAR, 
OlDryGas(l +FARj)+0,,,,,, WAR, [3.131 
1 +FAR, +WAR, 
R, 
8314.5 
[3.14] 1 +FAR, +WAR, 
]+FAR, 
+_WAR, MwDyy 
Gas 
MWH20 
The fuel to air ratio at this section has been included to consider the possibility of 
hot gas recirculation, although in most cases the value will be zero. 
If the areas at sections 1 and/or 2 are not known, reasonable values of the Mach 
numbers could be assumed to be able to determine the static temperature, lower than 
the total one, and, therefore, more prone to condensation. The presence of liquid 
water can be a problem, specially for the quality of the measurements. 
3.2.2. OFF-DESIGN PERFORMANCE OF THE INLET 
The mass flow, momentum and energy continuity equations are valid for both, 
design and off-design cases. The areas will be known, either because they have been 
given as design values or because they have been calculated from the Mach number. 
Therefore, the only unknown will be the total pressure drop. 
The losses, accounting for turbulence and friction, will be known at design stage. 
At off-design the value will be calculated using the hypothesis that these losses are 
proportional to velocity square. For example, the bell-mouth inlet pressure drop could 
be expressed as follows: 
API-2 
= 
API-2 R, [3.151 
P, q, 2(A, P, 
The dynamic head pressure losses are assumed to remain constant over a wide 
range of operating conditions. Equation [3.16] represents this: 
Ap" 
= K' [3.161 P, I( Alp, 
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3.6 
In this study the gas constant has not changed. This approximation is good 
enough for most cases. However, if during the off-design of a closed cycle there is a 
change in the working fluid, the value of R, can be significantly different from the 
design point. 3 But in this situation, the assumption made in the previous paragraph can 
not be considered correct. Therefore, the suppression of the gas constant is just 
another simplification. Inlet distortion, which modifies inlet and compressor operation 
(mainly surge margin), as shown in [75] and [83], has not been introduced. 
3.3. COMPRESSOR 
Low, intermediate and high pressure compressors can be simulated using the 
same equations, with the only differences being the cooling bleeds, extracted typically 
from the high pressure compressor and, may be, the working fluid. 
In this section the high pressure compressor, with two intermediate bleeds, will 
be considered. 6 The entry flow (engine section 25) can have large quantities of water, 
caused by the evaporative coolers. At engine section 253 there will be a flow 
extraction for power turbine cooling and at section 255 for the low pressure turbine. 
In addition to the blade, vane, disc and casing cooling, these flows are also employed 
for turbine interstage sealing. The amount and pressure of the bleed flows must be 
high enough to avoid hot gas ingestion into the internal air system through the 
turbine. ' This subject will be considered in chapter 5, devoted to blade cooling. 
At design stage there will be four possibilities of giving the input data: 
9 Pressure ratio and isentropic (adiabatic) efficiency data (CASE I): 
Ir, upc. = 
P3 
llis HPC = lls 25 -3 P25 
e Pressure ratio and polytropic efficiency data (CASE 11): 
p 
7rHpc =3 71poly HPC = Ilply 25-3 P25 
This situation will occur in the semi-closed cycle exercise carried out in chapter 9, when the gas 
turbine working fluid changes from air (gas constant 287 J/kg K) to carbon dioxide-argon (gas 
constant 188 J/kg K). 
The use of inter-compressor anti surge valves has not been considered in this section, although 
GTSI has the possibility to switch on this mode of operation. 
If hot air ingestion takes place, the life of some turbine components could be drastically reduced, 
therefore it must be avoided. This is one of the key factors for the engine internal air system 
design and analysis. 
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e Increase in corrected enthalpy and isentropic efficiency data (CASE III): 
AHHPC 
= 
AH25-j 
llis HPC = l7is 25-3 (yR O)HPC y2_, R25 025 
* Increase in corrected enthalpy and polytropic efficiency data (CASE IV): 
, äHHpc. 
äHj-3 
_= 'npolyHPC = 17Ply 25-3 (yR0)Hpc.. y2jR25025 
3.7 
3.3.1. COMPRESSOR DELIVERY TEMPERATURE AND PRESSURE IF 
ISENTROPIC EFFICIENCY AND PRESSURE RATIO ARE GIVEN (CASE 1) 
If the isentropic efficiency and pressure ratio are given, the exit temperature can 
be calculated using the procedure described below. 
The definition of isentropic efficiency is: 
'S 
f CpdT 
1725-3 ý 
Ak'5-3 
- Tj 
I --- [3.171 AH25-j f CpdT 
T25 
therefore: 
Tj 175n 
CpdT [3.181 f CpdT =-f 
T25 
1725-3 
T25 
If the isentropic exit temperature is determined, the real exit temperature will be 
found using an iterative procedure. 
The Gibbs equation gives: 
TdS = dH -1 [3.191 p 
and for the complete compression process 
T, PI 
dS dH-J"" dP [3.201 P5 7p 
expressing dH as a function of T and p as a function of P, T and R 
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T, dT PR S. 
3 - 
S25 ý 
fT. 
CP 
fP, 
- dP [3.211 
. 15 T, P 
if R is constant the following expression is finally obtained: 
pi 
Sj - S25 = 
fT" 
Cp -dT - 
R2. Ln (IDt - IP2, )-R2_, Ln [3.221 T P25 P25 
In the case of an isentropic process the equation above will be modified: 
S Is 
Tla 
dT PIS PIS S25 =0f Cp R2. Ln 
(O's 
- 4525) - 
R2. Ln [3.231 
TP3 T: 5 2.1 
P25 
the final pressure will be the same in the real and in the isentropic processes, hence: 
dT O= f Cp 
T-R., 
Ln A -- 
(03s 
- 
02j) 
- R., _, 
Ln -f- [3.241 
T, 
p25 p21 
.. f 
With this simple equation the compressor isentropic temperature can be easily 
calculated employing an iterative method. The first value of the isentropic 
temperature, to start the iterative process, is given by: 
Y: s -1 
TT =T2.1 
P3 Y25 ( 
P25 
) 
[3.251 
3.3.2. COMPRESSOR DELIVERY TEMPERATURE AND PRESSURE IF 
POLYTROPIC EFFICIENCY AND PRESSURE RATIO ARE GIVEN (CASE 11) 
If the polytropic efficiency and pressure ratio are given, the exit temperature can 
be calculated using the following procedure. 
The definition of polytropic efficiency is: 
POLY 
= 
dH's 
1125-3 
dH 
[3.261 
Employing the Gibbs equation in its differential form for an isentropic process: 
dH's -1 dP p 
[3.271 
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hence 
3.9 
I 
dP dP 
POLY 
=p =R 
p 7125-3 
CdT Cp dT 
[3.281 
T 
The resultant equation will be: 
T dT P, dP 
71 
POLY "' CP "I =fR- [3.291 2"-' 
fl"5 
T P2., P 
if the gas constant does not change, the final expression relating the exit temperature 
with the polytropic efficiency and pressure ratio will be: 
77 
POL YT dT POLY (0 -0 )=R2, Ln 
Pj 
[3.301 25-3 cp -ý 7723-3 3 2. ' T p25 
The only unknown in this equation is the exit temperature, that will be 
determined with an iterative procedure. A first estimation of its value can be done by 
assuming constant Cp during the compression process, resulting: 
Y25 -1 
POLI 
1123 Y25 
[3.311 3-2 ýp 
25) 
3.3.3. COMPRESSOR DELIVERY TEMPERATURE AND PRESSURE IF 
ISENTROPIC EFFICIENCY AND INCREASE IN CORRECTED ENTHALPY 
ARE GIVEN (CASE 111) 
If the isentropic efficiency and increase in corrected enthalpy are given, the exit 
temperature and pressure are determined as follows. 
Equation [3.24], obtained in section 3.3.1., gives the relation between isentropic 
temperature and pressure ratio. Hence, if the isentropic temperature is found, the 
pressure ratio can be calculated. 
From the isentropic efficiency definition the expression below can be determined: 
Tf AHý5-3 f CpdT = 1725-3725R25025 [3.321 
T 
725R25025 
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3.10 
the right hand side of the equation is known. Therefore, the isentropic temperature 
can be calculated as described in the previous cases. With this temperature the 
pressure ratio is found. 
3.3.4. COMPRESSOR DELIVERY TEMPERATURE AND PRESSURE IF 
POLYTROPIC EFFICIENCY AND INCREASE IN CORRECTED ENTHALPY 
ARE GIVEN (CASE IV) 
If the polytropic efficiency and increase in corrected enthalpy are given, the exit 
temperature and pressure are calculated as follows. 
In CASE II, eq. [3.30] gives a relation 
efficiency and pressure ratio. Hence, if the 
found, the pressure ratio will be easily obtained 
between exit temperature, polytropic 
compressor discharge temperature is 
The corrected enthalpy is defined as: 
AH, 
5-3 
I Tj 
= 
725 R0f 
CpdT 
( 
y2s R25 025 
) 
25 25 T25 
[3.331 
where everything but the exit temperature is known. Once T3 is found, the calculation 
of pressure ratio is straight forward, as described above. 
At design stage the four cases can happen, while at off-design and transient, 
where the isentropic efficiency map is known, CASES I and III are the only 
possibilities. The situation of having polytropic efficiency maps is not considered, as 
the result of compressor testing is adiabatic efficiency. However, its use would be 
easy, changing from one efficiency map to the other with the functions already 
described. 
3.3.5. COMPRESSOR WORK 
Through the compressor there are several bleeds that are employed for turbine 
cooling, surge control, etc. At design stage, the relative position of these flow 
extraction points will be given in terms of enthalpy rise ratio, i. e. for the bleed 25i: 
AH 25-251 [3.341 
AH23-3 
) 
The pressure will be calculated using the polytropic efficiency, assuming that all 
the compressor rows have the same one. The method described in 3.3.3 is used, and 
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the resulting pressure will be decreased for the total pressure drop close to the walls, 
where the flow is extracted from, additional pipe losses (if present), restrictors, etc. 
I- Once the compressor bleed flows have been calculated the required work can be 
obtained from the following equation: 
P W25=WjAH25 AH -3 +, 
ZW25iAH25-25i 
= WAH2, 
-3 
+, ZW2,, A2., 25-3 
vi vi 
[3.35] 
=AH25-3 W, +EW25i"25i 
3.3.6. OFF-DESIGN PERFORMANCE OF THE COMPRESSOR 
In off-design performance very important figures are the running lines on the 
compressor map. 
The requirement of variable geometry and/or valves to avoid surge, the 
possibility of changing the operating point to increase the efficiency, etc. are clearly 
shown in the pressure ratio vs. corrected mass flow and isentropic efficiency vs. 
corrected mass flow charts. 
3.3.6.1. Compressor Maps 
The compressor maps are functions that relate mass flow, rotational speed, 
pressure ratio or corrected enthalpy and adiabatic (isentropic) efficiency: 
AH25-3 L72 
5 
Nqps &, [3.361 (, 
y2_, R2., e., _, 
) 
325 , Y25 4725 R25 925 
±3 
f( 25 
NHps 
[3.37] 
325 725 ' J25R2., 025 P25 
r725 
125 Nups 
5 
1725-3 f 
325 YF25 , V-725 R25 e25 
[3.381 
Frequently, in open cycle gas turbines, the corrected speed, corrected mass flow 
and corrected enthalpy do not have the y and R included. As the flow is always air 
there is almost no inaccuracy. However, when it is possible to use the same 
component with different working fluids or with the same fluid but different 
thermodynamic conditions, it is necessary to consider the gas properties. If the 
functions are carefully examined it is known that the term 4y25R2502j is closely related 
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with the sonic velocity at the compressor entry. Hence, the first term will be the axial 
Mach number, and the second one will be the rotational Mach number. 
The problem of using these functions arises when the flow is choked, and for the 
same corrected mass flow there are several values of pressure, corrected enthalpy or 
efficiency. This effect is very common at high speeds, when the constant corrected 
speed lines become vertical. At intermediate speeds the opposite problem happens; 
near the surge line the constant corrected speed lines become horizontal, and for the 
same pressure ratio, efficiency or corrected enthalpy there are several mass flow 
values. 
These two problems are solved introducing an additional parameter, called P. 
There is no physical meaning behind it, but allows the user to compute the 
compressor characteristics easily. There is not a unique definition of P. Here, the new 
functions are as follows: 
AH2 
-1-3 
NHp,, v [3.391 
, y2_, R2jO2j 
Ty25 -R25 02.5 
P3 
=A 
(PHPC 
Nffps 
[3.40] 
P25 I-y-2, -R2, e2, 
) 
1725-3 =A 
(PHPC 
P 
NHpv 
[3.411 
V72? 
5 , 
R25025 
W25 525 
V 
[R25 
= f4 
(PHPCP 
NHps 
025) 
[3.421 3.15 725 4725R25 
Instead of using the approximated expressions, which neglect the Mach number 
term, it is also possible to employ the complete equations using the design compressor 
inlet Mach number: 
725 2 Nlips I+ 
725-1 2 AH2_, 
-3 
(I 
+2 -1 M25DS 
2 
M2SW 
,=A 
PHPC 
0-- [3.431 72., R25025 J25 R25 025 
J 
NHps 1+725-1 M2151, 
pi 
=f2 PHPCP 2 [3.441 P25 J23 R-25025 
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Y., 5 -1 2 
17. u-j =fj Piipc- 
Nws 111 +2 
Af25., 
[3.451 
Nm + Af25. 
+ Y., 5 -1 -- - 
V, 
2 [3.461 A AHPC 2 ý-yý, 2. y R. 2,5 025 
3.3.6.2. Scaling Factors 
The programme will have several maps for a compressor, representing different 
technology levels. However, the pressure ratio, efficiency, etc., of a specific 
Compressor will not be the same as the default ones, although its general behaviour 
can be very similar. To adapt the available map to the real compressor we want to 
study, the corrected parameters must be "scaled". 
21-) = sfNmpc 
r1 
Y2 3 
R.:.; 0., 
5 
1, 
, 
P25 
f 1725-1 lmwy ý SfIlAlpc 
1172j-j]AL4? 
. 
ý2' 
IDiELU%r 
112 5c- 1-ý 
FYý2-1 
5-5 
[3.471 
[3.481 
[3.491 
[3.501 
The scaling factors are calculated at design, and it is assumed that the value will 
not change at off-design or transient conditions! 
If the full expressions are used, including the Mach number terms, the enthalpy 
and mass flow scaling factors will be: 
17his is. clearly, the most simple approximation. When experimental data becomes available, via 
analysis by syntheis, the scaUg factors will be modelled as ftinction of other parameters, 
'reflecting phisical phenomena not considered in the simplified approach. 
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AH2-" 
(I 
+ 
2 2-f-) 
Y23 R. 25 
0., 
5 
sfir.,, 
= 
Sfm. W 
= 
+ 
51% 
Fe.. R5 725-1 2 
py 
'. 'ý 
I 
1+ Af25. 
FE-25 
2 
2.1 
N Y25 
( 
lu4p 
AH, 5, 
(]+ 
2 
y2, jR2jO2. j 
[3.511 
[3.521 
3.3.6.3. Variable Geometry in the Compressor 
There are two basic approaches to consider the variable stators in the 
performance simulation: 
Calculate the variables as a fi=tion of the stator angle, having performance maps 
for several angles. 
Consider a single parametric curve, which is function of the stator angle, for each 
Performance variable. 
The second approach has been employed in the code, while the first one can be 
easily implemented. 
3.3.6.4. Compressor H ork at Off-Design Conditions 
The compressor inlet mass flow9, discharge pressure, temperature, enthalpy, etc. 
will be calculated using the pressure ratio (or enthalpy rise) and efficiency from the 
component characteristics. To calculate the work it is also necessary to know the 
intercompressor bleed flows. The code has the capability of maintaining constant 
Percentage relative to the inlet mass flow 13.53a) or a function (introduced by the 
user) of either the corrected inlet mass flow, pressure ratio or corrected shaft speed 
In some cases the maps are plotted against the dischuge nIaSs flow. although this situation is not 
very common. 
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13-53b, 3.53c and 3.53d]. 71ie value of A., is assumed to remain constant. Once the 
value of the bleeds and enthalpy rise is obtained, the work is calculated using equation 
[3.351. 
K2 
5, [3.53al 
, 67 
=f [3.53b] 325 
! L., 
5, =f- 
Li 
[3.53c] 
112's 
( 
P25 
) 
! "25i 
=( 
N25 
[3.53d] 
J"25 
j( X25 
3.3-6-5. Different Off-Design Performance SimuMon Methods if Schedules VarY 
The way described here, where the compressor is simulated by single efficiency 
and pressure ratio (or enthalpy rise) maps, could not be the most accurate one, 
specially when the intercompressor bleeds are very large (or the order of 10-15%. or 
ever bigger, for the anti-surge valves). In that case, different maps should be obtained 
at several valve opening degrees. This situation is very common at low speeds, where 
large quantities of fluid are bled to avoid surge. Other simulation possibility will be to 
have different compressor maps for the stages that are before and after the bleed. The 
implementation of these capabilities, if required, could be done with minor code 
modifications. 
3.3.6.6. Reynolds Number Correction 
Compressor maps are given for a certain Reynolds number and changes in its 
value can widely modify the performance. Instead of using the absolute Reynolds 
number, a Reynolds number index is frequently employed, [32] and [75], which can 
be expressed, using the thermodynamic properties at compressor inlet face, as: 
RNI 
Re p VL P "f [3.541 ý Te,. -f (p VL),, f ju 
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For the same compressor the characteristic length can be canceled. " Therefore, 
the expression will be: 
RA7 [3.551 
P, e Af-f 
Fit 
, 
-"f 
Ju 
In some cases the static pressure and temperature are not available and the total 
magnitudes should be employed. A more simple approach can be done using the mass 
flow definition: 
p plA Af L P,,, f =W 
Af L P,, f [3.561 
(pýýJ), 
f A 
7; p TI, 7, j-, A Lf /I 
where the only unknoum will be the dynamic viscosity. Again, when the correction is 
applied to the same piece of hardware the geometric parameters disappear, giving: 
11" Pf 
Tv fu 
[3.571 
These are the general expressions but. for air, a simpler one can be derived using 
an approximation of the dynamic viscosity for the typical range of compressor 
operating temperatures: 
[3.581 
(to 
hence, for a fixed Mach number and neglecting the variations in gas properties: 
piri, p 1.25 
* 
ANI T Pf [3.591 
p L-If 
) 
Alf lu 
The whole maps, including the surge line, are modified with the Reynolds effect. 
to If the maPs have been obtained with a "e model the characteristic length must be maintained. 
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All the discussion above considers the properties at the compressor inlet face, 
with no rotating effect. For rotating turbomachinery, the Reynolds correction should 
include an additional term: 
P. V 
Mirt 
L JU, 4 D [3.601 
Le 
Ju 
Nf Jy-Rt Df 
Pe Afe 
Urt-)e 
ade 
For open cycle turbomachinery, neglecting the changes in thermodynamic 
Properties and considering that the maps have been obtained for a compressor with 
the same dimensions, a simplified expression could be used: 
L25 
f T) 
N 
Be,. =f(Tp [3.611 
3.3.7. COMPRESSOR TRANSIENT OPERATION 
The transient of the compressor can include effects such as mass and heat storage, 
blade tip clearance changes, surge, distortion, internal air system variations, etc., 
refs. [221, [321, [69), [84] and 11211. Most of them are extremely difficult to evaluate 
and taken into account in a generic performance development code. However, from 
the Point of view of a simplified transient simulation these effects can be introduced as 
time dependent scaling factors, and only the mass storage will be calculated, with the 
heat flow as an input from other disciplines. 
3.4. DRY INTERCOOLER 
The intercooler is a heat exchanger used to decrease the temperature between the 
compressors, increasing the Specific power output substantially [50] and [1221. No 
mass or working fluid composition variation takes place, only the total pressure and 
temperature change. 
3.4.1. DRY INTERCOOLER DESIGN PERFOMANCE CALCULATION 
Assuming that the inlet conditions are known from the compressor discharge and 
the flow has no swirl component, the equations describing this system are equivalent 
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to [3.1b], [3.2b], [3.3b], 13.81, [3.91 and [3.101. The only unknown is the exit 
enthalpy (or any other data that will enable us to calculate this variable). 
H.., given (or T., given, or power extracted known) [3.62] 
If the area is not considered, only the total properties will be determined. 
A simplified approach" can be done using equations analogous to P. 51, [3.6] and 
13.7], for the mass flow, static pressure and static temperature. 
If the beat exchanger characteristics, coolant mass flow and inlet temperature 
were known, the exit conditions given by eq. [3.621 would be directly obtained. 
3.4.2. OFF-DESIGN PERFOKIL4NCE OF 271E DRY INTERCOOLER 
As in the case of the inlet (section 3.2) the design equations are also valid for off- 
design, the only unk-no%%m being the total pressure losses. The exit temperature will be 
obtained from the energy equation and will constitute the control of the machine. '2 
Ile assumptions regarding the pressure losses will be same as in 3.2, obtaining 
the Constant K' from the design point data (equations [3.15] and [3.16]). 
3.5. EVAPORATIVE COOLER 
The evaporative cooler or humid intercooler/aftercooler, refs. [12], [661, [85] and 
[861. decreases the main stream temperature, removing heat during the evaporation of 
small droplets of liquid water. " This system has two beneficial effects in addition to 
the increase in the gas turbine specific power output, as a conventional intercooler: 
A further increase in the specific power output, due to the larger mass flow 
through the turbines. 
An increase in the thermal efficiency. The value will lie between the simple and 
the steam injected cycle. 
A good example of the use of this technology is the Humid Air Turbine (HAVD), 
[86], consisting in an evaporative aftercooler. 
11 The result of these equations %%iU be acc"ble if the Mach number is low enough. 
12 Tte real control will be the coolant mass Dow & Wet temperature, with the exit empcrature as 
feedback. 
13 Large quantities of energy am required to change the phase from liquid to vapour. 'nerefore with 
A modest amount of water a considerable decrease in temperature will take place. 
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The theoretical limit of the evaporative cooler will occur when the exit flow 
reaches 100% relative humidity. However, from the technological point of view, this 
condition is not fully achievable, " with the real limit being in the 95-98% region. 
The water to be used in the evaporative cooler will have some requirements in 
terms of turbidity, pH, hardness (CaCO3), sodium and potassium. 
The use of this system in GTSI is limited to open cycles, although it would be 
possible to have the component in semi-closed cycles, where water is removed before 
starting the compression. 
3. S. 1. EVAPORA TIVE COOLER DESIGN PERFORMANCE CALCULA TION 
The equations that solve the evaporative cooler are analogous to [3.1a], [3.2a], 
[3.3a], [3.4a], [3.8], [3.9] and [3.101. The mass flow, spices and energy conservation 
[3.1 a], [3.2a] and [3.4a] could be expressed as: 
W =TV 
H_, O +W 
out m injected [3.631 
W. '. ', '= Win [3.64] 
el =Wr [3.651 
0 
cled [3.66] 'o 
C, ' ý W#nH20 + 
Cye2c 
W H. + Win', o 0 I -H2 nie, "m jected 
HlHi4id 
[3.67] 
Ty., 
The relative humidity of the stream at the exit of the evaporative cooler will be: 
MWI 
, m, OWAR.., 
Rýuj P., R H,, 
UI MWH20WARýu, P. ". " 
[3.681 
AS-01, + R. s#l 
14 The 100% relative humidity is the mathematical limit because the code is not able to handle with 
two-phase mixtures. Therefore it will not be possible to use this value without major subroutine 
modifications. Instead of 100%, 99.5%. could be employed, giving almost the same result. It is 
also a technological limit, because if the real situation is considered, to obtain this condition it will 
be necessary to have not only a very long evaporator, but also a sophisticated injection system to 
ensure good homogeneous water-air mixture with no liquid phase at the exit. However, values 
extremely close to 100% are sometimes obtained. 
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The saturation pressure is obtained from the water-steam tables or equations. 
In most cases the area is not known until the end of the preliminary design. 
Therefore, the Mach number, static pressure, static temperature, etc. will not be 
obtained, and the pressures used to calculate the relative humidity will be total instead 
of static. 
Water mass flow, exhaust temperature, water to air ratio or relative humidity are 
some of the most common parameters that will be used to control the evaporative 
cooling at off-design, with the exhaust relative humidity being the typical control at 
design. For both, design and off-design, all the equations, except the one that gives 
the exit total pressure, are the same. 
As in case of the dry intercooler, the simplified expressions for the mass flow, 
static pressure and static temperature can be used, provided that the Mach number is 
low enough. 
3.5.2. OFF-DESIGN PERFORMANCE OF THE EVAPORATIVE INTERCOOLER 
As in the case of the dry intercooler the only unknown will be the exit total 
pressure. This will be obtained using equations analogous to [3.15] and [3.16]. The 
exhaust humidity or temperature will be used as the control of the component, 
therefore specified by the user. 
3.6. STEAM INJECTOR 
The steam injector is one of the mechanisms most widely used in gas turbines to 
increase power and thermal efficiency [12], [13], [151, [76], [77], [85], [127], [130] 
and [145]. As for the evaporative cooler, the water must comply with some quality 
requirements. This system will only be considered in open cycles being, from the 
performance point of view, a constant area mixer. There are two possible situations: 
e The static pressures of both streams are the same at the mixing plane 
* The Mach number of the steam reaches sonic conditions. 
3.6.1. MACH NUMBERIAREA, STATIC PRESSURE AND TEMPERATURE OF 
THE INLET CORE STREAM 
The area (taking into account the blockage due to the injectors) or Mach number, 
mass flow total pressure and total temperature of the core stream at the mixing plane 
are known. Hence, the static properties are calculated, with equations analogous to 
[3.8], [3.9] and [3.10], assuming that no swirl is present in the flow: 
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M2 Hj =hj +2y., R3 t.; 3 
3.21 
[3.691 
4S3 =0= (0., R, In 
p 
pi 
[3.70] 
W P3 VyR3t, MjA3 [3.711 
R., t3 
With these equations and the thermodynamics of the working fluid, the Mach 
number (or effective area), static pressure and static temperature are found. If the 
simplified expressions, equivalent to [3.51, [3.6] and [3.7], are considered accurate 
enough, the system will be: 
t3 =-T1 [3.72] 
1+71- M, 
2 
A 
pi 
Y, 
[3.731 
73-1 2 YJ (I 
+2 Mý 
Wi - 
A31! 3, 
M3 
[3.741 _TJ 2(yi-1) (I+ 7t 
21M, 
2 
3.6.2. MACH NUMBER, STATIC PRESSURE AND TEMPERATURE OF THE 
INJECTED STREAM (SUPERHEATED STEAM) 
As in the case of the core stream the total conditions of the steam (station 305) 
are known. In addition to these variables, either the mass flow or the area should be 
given. As mentioned at the beginning of this section, the static pressure at the 
injection plane or the Mach number in the direction of injection will be obtained from 
the Kutta-Jukowski condition eq. [3.75]. 
The exact equations could also be employed for a more accurate solution (eq. 
[3.69], [3.70] and [3.71]) specially at high Mach number operation. 
The situation of having a convergent-divergent nozzle, with supersonic injection, 
has not been considered in this study. 
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2 P305 
FT3- 
1( P. 1 
3.22 
ifMI05 "! ý I P305 ý PJ [3.751 
P305 
'fMJ05 2! 1 M305 =1& P305 = 
Y" 
+ 7305 YJ05 
2 
t305 = 
T305 
1+730-5 -1 M3105 
2 
[3.761 
W, = 4&305f. 105 
735 M305 
305 
F-i'-o 
[3.771 0 
T R30_, yj"+l 305 
1+ 
7305 -1 M3205 
) 2(y, 05 -1) 
2 
3.6.3. THERMODYNAMIC VARIABLES AT THE EXIT OF THE MIXER 
After steam injection, with the exit area known, the total and static pressure, 
temperature and Mach number will be obtained. There are two main injection 
systems: axial and perpendicular to the main stream. The following equations will be 
valid for both of them. " 
The mass flow continuity gives: 
W, =W +W, 31 1 305 
The momentum equation, in axial direction, is: 
[3.781 
, P305 
(I 
+ yjol MJOS", 
) 
Ajpj (I + yj M., 2 + Ajo_ 2 =, 4jpjl(l + yjl M321) [3.791 
The energy balance, which gives the exit total enthalpy and, consequently, the 
total temperature, can be written in the following form: 
W H31 = 3H3 
+W305H305 
[3.801 W31 
is As a simplification, the exit is considered axial, without net perpendicular component. 
COMPONENT SIMULATION IN GTSI PERFORMANCE CODE 
3.23 
The three additional equations that, together with [3.80], are required to calculate 
static and total pressure, static temperature and Mach number are: 
H31 =hjl +I ytIR31t3l M31 
2 [3.811 
2 
ASJI =0= (0 Tit - OIJ, R., In 
LIL [3.821 
Pil 
P" [3.831 
R31t3j 
If the approximate expressions were employed, the calculation would be as 
follows: 
y" +1 
731_IM3 
JV31 T31 A3 Fy-3 RA P31 
=--ý-, 
2 [3.841 
P3 Wj T A31 Rj y3l 
M3, 
(I 
+, 
Y3 
21 
M32) 
2(yj-1) 
The unknowns are the exhaust total pressure and Mach number, as the mass flow 
continuity gives directly the value of WI, and the exit area is also obtained from the 
assumption of constant area mixer. 
Eq. [3.79] could be modified using the equation given below: 
Ap =- 
w 
FT.: 
[3.851 
M 
glx 
ý1+7 
M2 
producing: 
T 
R3 Rjj 
+ 305 73 
W 
FT jzj (I+ M2) 
3 
05 2 
305 
R305 
7305 M 
ix 
W32 wm 
33 73 3 05 11 1 -- 
73,3, 
473 + 
305 731 [3.861 
73 -1 M2 M, 
rl+. 
L30 205 731-1 m M3,1+ M, 
ý]+ 
3 305 
mil 
1 
222 
manipulating the expression above, a simplified form wi eo taine 16: 
16 The assumption of no inlet or exit swirl in the flow (M3=M3ac and M31=M31a, ) will be used to 
generate a homogeneous expression 
3.24 
W 
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FT-f 
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-k305 1 
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R3 Flj 
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1 
7305 
F305 
For the given inlet conditions, the value of IF31 is obtained and, therefore, the 
Mach number at that station (only the subsonic solution is considered here): 
Mil 
1 2T31 
[3.881 
(1-2y3l IF31) + V(l - 2(7j, + 1) 'Pti) 
An important advantage of axial steam injection is the increase in total pressure. 
In figure 3.3 the ratio of exit to inlet main stream total pressure is presented for 
typical injection rates of 5,10,15 and 20%. " The temperature, pressure, etc. are 
characteristic of a conventional industrial gas turbine. 
IDL4L INCREA SE IN TO TAL PRESSURE WTH S TE4M INJEC 77ON 
1.16 
1.14-, -0-05 
1.12 ---- 0.1 
...... 0.15 
0.2 
1.08 
1.06 
1.04 
1.02 
1 
0.1 0.15 
.................... 
0.2 0.25 0.3 0.35 0.4 
MAINS 7REAM MACH NUMBER (BEFORE INJEC 7701W 
0.45 0.5 
Figure 3.3. Increase in totalpressure with arial steam injection (0.05 to 0.20 steam injection rates) 
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17 The real increase in total pressure will be lower due to the losses inherent to a high turbulence 
mixing process. Nevertheless, experimental results have confirmed this beneficial effect. 
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When the injection is not axial, but with a certain angle, the incrase in total 
pressure is lower, as shown in figures 3.4 and 3.5 (5% and 15% injection rate 
respectively). 
IDEAL INCRF-4SE IN TOTAL PRESSURE WTH STEAM INJEC77ON 
1.05 
0 
1.04 15 
....... 30 
1.03 
45 
........... 
............ 
1.02 
1.01 
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
MAIN STREAM MAW NUMBER (BEFORE INJEC7701VJ 
Figure 3.4. Increase in total pressure with 5% steam injection at different angles (0* to 45*) 
IDE4L INCRE4SE IN TOTAL PRESSURE VWTH STEW INJEC77ON 
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0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
MAIN STREAM MACH MIMBER (BEFORE INJEC7701V) 
Figure 3.5. Increase in totalpressure with 15% steam injection at different angles (0* to 90*) 
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The regenerator is a heat exchanger in which the turbine exhaust gases (hot flow) 
are used to increase the temperature of the working fluid prior to the combustion 
chamber inlet (cold flow), refs. [6], [121, [13], [41], [49], [117] and [122]. 
This method is employed when the simple cycle (gas turbine alone) thermal 
efficiency has to be optimised and, also, when the plant will operate, for long periods, 
at very different power conditions. 
The closed cycle machines used in submarines or space applications are good 
examples of the use of the regenerator. Also, some open cycles have incorporated this 
system. " In general, the component is very expensive, with a relatively modest 
reliability, although the improvement in the efficiency can be substantial. 
The parameter which describes the performance of the regenerator is the 
effectiveness: 
Cold TCold T Inlet 17REG 
THo; T. old 'Co 
, Inle Inle 
[3.891 
The equations of mass, momentum and energy conservation for this system are: 
wCold + wCold Cold - TVO'. i in Leakage [3.901 
wHol = wHol + 
Vol 
out in Leakage 
wCaldi, Cold Cold old +W =WH 
Hot 
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-W in Hjc,, out Oslo QLOsses in 
[3.921 
2) 
WCold VTCold 
Id Cold cold in in [3.93] POC. 10 = pi'l I -K'in oldpCold 
( 
Aic" m) 
WHOI JTHof 
m pHot = pHot 1- Ký*I 
in [3.941 ., 1 i» in pHof 
( 
AZ' in ) 
1 
V2 C Id old ColdColdm2 Hc"" - hco'd+ o+- 
Ro., 
0., 0., [3.951 out out out = 
h. 0 
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is Gas turbines for battle tanks, (i. e. the Lycoming (now Allied Signal) engine employed in the MI 
Abrams [30]), marine propulsion (i. e. the Rolls Royce-Westinghouse ICR WR21 [122]), etc. 
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No HoltHoIM2 0 =hý" +-Y,,,,, 'R.., 0., 
[3.96] 
ut 
hout 
2 out ul 2 
C Id Cold C Id 
p Cold 
0= (o '-o, -' )-R,,. *, In ý "I T. W PoCold [3.971 
ul "I 
(; PHOI Hot Hot 
p Hot 
-, j T. R.., In [3.981 
POZI I 
Cold 
A Cold IdtOC wCold ColdvCold old MColdAC*ld 
out ý Pout out out - 
Pout V yo*, dRc*, [3.991 
. 
! dt I out out 7 , 0) , Cold TO-Cull 
out 
Hot 
wHol =pHoIVHo, AHol - 
Pm, Hot Hot MHol A Hot [3.100] t out out out out Hot t Hot out out out out Ro'ut out 
As in the case of the intercooler and evaporative cooler, provided that the Mach 
number is low enough, the simplified system could be employed. Also, if the area is 
not given, only the total magnitudes will be calculated. 
3.8. COMB US TION CH"BER 
The combustion chambers of industrial gas turbine have very different sizes, 
going from the small ones, characteristic of the acroderivative machines, to the huge 
combustors of several manufacturers, where Siemens and ABB are good examples. 
Also the mechanisms to reduce the emissions can end up with exotic designs. 
However, from the performance point of view, the module will not change 
significantly between the different design approaches refs. [95] and [96]. 
3.8.1. COMBUSTOR EXIT MASS FLOW 
The mass flow at the combustor exit is calculated using the continuity equation 
and accounting for the inefficiencies. " 
19 It will be assumed that the fuel flow that does not contribute to the temperature rise (1-tlcdWFUEL 
"disappears" after the combustor, although it will be considered for the cycle thermal efficiency 
calculation. This proposal is, of course, an approximation and considers, basically, that the 
"inefficient" fuel flow remains in liquid form through the turbines and HRSG. As the typical 
figure for combustor efficiency is around 99.9%, even for low calorific value fuels, where the 
typical fuel to air ratio is close to 0.1-0.15, the possible error introduced by this simplification 
would be 0.01 %, considerably lower than the ones generated by other assumptions. 
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W=W, + 11 WFU,, L [3.1011 4 33 cc 
3.8.2. COMBUSTOR EXIT PRESSURE 
The pressure at the exit of the combustor will be: 
p =7r p [3.1021 4 33-4 33 
The pressure drop term has two contributors: the cold and hot pressure losses. 
The cold pressure losses are due to the wall friction and high turbulent flow (specially 
in the primary zone). The hot, or fundamental, pressure losses are caused by the heat 
addition in the combustor and will be estimated using two different approaches. 
The pressure losses can be written as: 
2 P33 - P4 P33 - P4 PJ3v3J [3.1031 
13V2 
P33 
p_ 
2P33 
2 33 
The total pressure loss divided by inlet dynamic head term (rhs of the equation), 
known as pressure loss factor (PLF), is nearly constant for a given combustion 
chamber. The previous expression can be modified using the continuity equation: 
2 
P., - P, P -P 
(ýL33 ) (. E33 VT33 ) 
33 
-- 
4 33 4- [3.1041 
22 P33 V. 
3 
A33 P33 
P33 3 2 
In general, the inlet corrected flow is also fairly uniform over the normal 
operating range. Hence, the fractional total pressure loss will be constant. 
The PLF can be divided into cold and hot losses: 
. 
PJ 
3- 
P4 
= Cold Losses +Hot Losses = k, +Hot Losses [3.105] 1 T12 
2 'J' 33 
The constant k, depends on the combustion chamber. As a first approach, all the 
combustor losses can be charged to the cold term (typically the hot losses are 10 to 20 
times lower than the cold losses). Therefore, the PLF and k, will be nearly the same. 
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Figure 3.6. Pressure lossfactor as afunction of totalpressure losses and inlet Mach numberfor a 
conventional open cycle Q33=1.360, y4=1.300) 
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Figure 3.7. Pressure lossfactor as afunction of totalpressure losses and inlet Mach numberfor a 
C02 semi-closed cycle (y33=1.200, y4=1.165) 
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In figures 3.6 and 3.7 the PLF is plotted for different total pressure losses and 
inlet Mach numbers for a conventional open cycle Q33= 1.360,74= 1.300) and a CO. 
semi-closed cycle (733 = 1.200,74 = 1.165). 
The hot losses have been neglected to obtain the first estimation of kj, but now 
this term will be evaluated using two different methods. 
3.8.2.1. Simple Estimation of Combustor Hot Pressure Losses (Incompressible & 
Constant Area Duct Approach) 
As we have seen in the previous section, the pressure loss factor was divided in 
two terms: cold and hot pressure losses. If the flow is assumed to be incompressible, 
then 
P33 - P4 ý 
(P33 
- A) + P33VJ23 -ýPX42 [3.106] 
(2 
2 
Using the momentum equation: 
(A33P33 
-A4P4)+(W3JV3J -W4V4) =0 [3.1071 
If, for the purpose of this study, the combustor is simulated as a constant area 
duct" then, eq. [3.107] is simplified: 
A33(p3j-p4)+W33 V3j- l+ýW-) F 
)v 
=o [3.1081 4) 
Introducing this equation into [3.106]: 
W, 
j 
Vii - I+ 
WF )V, ) 
21, 
). i(( W33 
[3.1091 P33 - P4 = 
(2 
p3A3 -2 P-A A33 
Using the continuity equation: 
VA W33 =P. 13V3JA33 W4 = P4 4 33 [3.1101 
20 In some cases the fuel flow is also neglected. However, this simplification is not valid if a low 
heating value gas is employed. 
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eq. [3.109] is simplified, giving: 
212212 P33 -P4 
(2 
P33Vý3 -2 PIV4 
) 
PJJV33 -I PY42 [3.1111 
' 
-(p33V'3-P"Vý)=-(2 2 
Expressing the pressure losses as a fraction of the dynamic head: 
P33 - P4 
= 
PIVI 
_1 [3.1121 
p33V2 p3jV2 J3 3j 23 
Using again the continuity equation, and bearing in mind that for the 
incompressible flows p- 11T. 
P33 - P4 
= 
P33 4 
_1 cc 
pj3V2 
P4 T33 
2 33 
[3.1131 
This is the general expression of the hot losses when the incompressible 
assumption is used. Then, the loss term will be: 
P33 
- 
P4 
= Cold Losses +Hot Losses = k, + 
k2 
(_L4 
_J) [3.1141 
12 Tjj 
2 
P33VL 
As kj, the constant k2 depends on the combustion chamber considered. 
3.8.2.2. Detailed Estimation of Combustor Hot Pressure Losses (Compressible & 
Constant Area Duct Approach) 
If the combustor is simplified as in 3.8.2.1., where it was considered as a 
constant area duct, employing the continuity and momentum equations over this 
component: 
12 
to 3V2 
12 
P33 +- J033 
Vi3 - CD 3 33 =P4 
+-04V4 [3.1151 
22 
W313 =P33V33A 
PJJV33 
P4V4 
[3.1161 
+ 
WF 
3 
W4 = WJJ + WF = PIV4 A, W" 
3 
The ratio of static pressures is obtained from the momentum equation: 
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2 
(I_ CD) 
_L4 =1 
+733 MýJ 
[3.1171 
P33 I +'Y, M, -, ' 
Assuming low Mach numbers, the total pressure ratio will be: 
Y4 
1+74-lM2 74-1 
P4 
= 
P4 
(24) 
-za- 
[3.1181 
P33 P33 733 -1 2 (1+ 
2 
mj, 
3 
Using equations [3.117] and [3.118] the following expression is obtained: 
M2 
(I_ &) 
2 
P4 33 
22 
(1 
+'Y4 
21 
M4 
[3.1191 
P33 1+ 74 M4 
1+ 
733-1 
m2 Y)i (2 
jj 
The cold losses term, CD is, either an input or not considered in this calculation, 
adding those losses separately. 
To be able to obtain the total pressure ratio, the exit Mach number must be 
calculated. Combining the continuity and gas state equations: 
t4 
_R33 
A P33 conlinuiýv . 
14 
=. 
ý3 
_3 
A V4 
[3.1201 
t33 R4 P33 P4 t33 R4 P33 V33 
+ 
WF 
w 
33 
Using now the Mach number, instead of the velocity: 
. 
L4 33 A 
M4 54t4 
[3.121] 
t3i 
Ft4 
p33 M33 "I -Ilt3l + 
WWF 
'I 
3 , J) 
The final expression for the static temperature ratio is: 
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t4 
= 
R33 ( P4 
)2 
tj3 R4 pj3 
-1, M4,1 
'Y" M3 
+ 
WF 
33 
M2 
(I 
_ 
CD) -, 2 [3.1221 
R33 
+, Y33 33 2 'Y' MJ' 1 
2 y33 M32 
ýF 
w R4 1 +74 M4 3 + 
33 
The total temperature ratio will be: 
(I 
+ 
74 -1 M. 2 
T4 
= 
t4 21)- [3.1231 
T33 63 1+ 733 -1 M, 2, 
) 
2 
Combining the last two equations, without the cold losses: 
2 +74 -1 2 22 M4 T4 
=(R33 
1+ 733 
ý133 
74M4 
[3.1241 
3 
M33 T2 17-2 R M32 33 M3. 33 4 1+74M4 1+733 33 
WF 
2 
.4 W33 
In this expression the only unknown is the exit Mach number, that will be 
obtained using an iterative method. Figures 3.8 and 3.10 show the exit Mach number 
as a function of inlet Mach number and temperature ratio. The exit Mach number will 
be introduced in eq. [3.119] and the hot pressure loss will be then obtained. 
In figures 3.9 and 3.11 the hot pressure losses for different inlet Mach numbers 
and temperature ratios are plotted for a conventional open cycle (71.1=1.360, 
74=1.300) and for a C02 semi-closed cycle Q33=1.200, y4=1.165). The conclusion 
extracted from these figures is that in the case of large cross-sectional area 
combustion chambers, where the Mach number is very low, the hot pressure losses 
are almost negligible. On the other hand, large temperature ratios lead to high hot 
pressure losses. 
3.8.3. COMBUSTOR EFFICIENCY 
In the industrial gas turbines industry it is very common to assume constant 
combustion efficiency (values from 99.5 to 99.9% are typical). The reasons are clear: 
The gas turbine is operating at high power settings most of the time, where the 
combustion efficiency is always close to 100%. 
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Figure 3.8. Exit Mach number as a function of inlet Mach number and total temperature ratio for a 
conventional open cycle Qj3 = 1.360, y4 = 1.300) 
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Figure 3.9. Hot losses as a function of total temperature ratio and inlet Mach numberfor a 
conventional open cycle Q33 = 1.360, y4 = 1.300) 
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Figure 3.10. Exit Mach number as a function of inlet Mach number and total temperature ratiofor a 
C02 semi-closed cycle Q33 = 1.200, y4 = 1.165) 
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Figure 3.11. Hot losses as a function of total temperature ratio and inlet Mach numberfor a C02 
semi-closed cycle (933 = 1.200, g4 = 1.165) 
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* The ambient conditions suffer minor changes. 
The project timescales and resources are usually very limited, and the generation 
of a complete combustor efficiency map is very expensive and time consuming. 
However, apart from the correlations developed by the manufacturers, there are 
some standard approaches that can be used as default [131]. 
The general expression of the correlations is: 
TH 
P3P b 
,jL! cce , 
AccDcdc-e P, 3*Acc 77cc =f On, W33 or 77cc =f Opz, W33 [3.125] 
Where: Opz: equivalence ratio of the primary zone 
Acc: Maximum casing cross sectional area 
Dcc: Maximum casing diameter 
LCC: Combustor length (typically length of primary +seondary zones) 
p: Pressure constant exponent to be determined experimentally 
d: Diameter constant exponent to be determined experimentally 
1: Length constant exponent to be determined experimentally 
b: constant dependent on the primary zone equivalence ratio 
Some of the most common correlations are: 
T" 
PI , 's 
015 300 
17CC =f 33 
Ac(. D; ý 
W33 [3.1261 
pl. 8 33 A D'-*-'e'00 17cc f cc cc [3.1271 W33 
Tk. ) T)i 
Pl-"'A(., L,, eJOO P, 'j"vol,, eioo TI, =f [3.128a] 
. 13 
Wi 3 
T" 
Pl-8Ac(. Lcce'00 P, jVol,, e 300 
77, =f W33 =f W33 -- [3.128b] 
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Figure 3.12. Parameter b as a function of the primary zone ratio 
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Figure 3.13. Combustion chamber efficiency using parameter of eq. [3.128b/for the correlation 
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The reason of eliminating the primary zone equivalence ratio is that, for 
conventional combustion chambers, it is always very close to one. " Eq. [3.128a] was 
developed by Longwell and Weiss [131] based on experiments using stiffed reactors. 
They found that the parameter b is a function of the primary zone equivalence ratio, 
as shown in figure 3.12. In figure 3.13 some correlation efficiencies are plotted 
following the approach of equation [3.128b], similar to [3.128a]. 
In some cases the efficiency is calculated from correlations where the non- 
complete combustion is considered (generation of UHC, oxides of Nitrogen, carbon 
monoxide, ... ). 
3.8.4. COMB US TOR EXIT TEMPERA TURE 
The exit temperature can be calculated in two ways: 
* Employing the energy equation. 
Using experimental tables. 
The first one will be described in this section. 
3.8.4.1. Combustor Exit Temperature: Energy Equation 
The general form of the energy equation, assuming that the exit water is gaseous, 
will be: 
. FuELLHV 
+ i7ccTVFuEL(H; 
29,3 
= 
(w w [3.1291 W33H33 +17ccTV, TUEL -HFUEL 
) 
33 + ? ICC FUELA 
If the combustion products were known, the result given by this equation would 
be very accurate. However, if the products are not known, the errors could be 
important. 
The first information should be the fuel composition (CHCO, H2, ... ). From 
that input, the basic equations will be the following chemical reactions: 
CH ---> CO, +x H20 
. + 
1+X)o, [3.1301 
42 
H2 +I 02-ýH20 
2 
[3.1311 
21 This method will not be valid for the modem lean pre-mixed low NOx combustors. 
COMPONENT SIMULATION IN GTSI PERFORMANCE CODE 
3.39 
CO+ 
1 02 ---> CO., [3.132) 
The carbon dioxide, nitrogen, inert gases (argon, helium,... ), remaining oxygen, 
etc. will not react. The products will be carbon dioxide, water and the non-reactant 
gases. This approach will be good enough for moderate combustion temperatures, but 
not for high ones. In that case the products should be calculated using, at least, five 
equilibrium equations: 
1 
02+ 
1 
N., <-4 NO [3.1331 22 
H, O <-> H2 +12 2 
[3.1341 
H20 4--> OH +1 H2 [3.1351 2 
c02 ýý Co +1 02 [3.1361 
2 
CO2 + H2 --> CO + H20 [3.1371 
This model will be adequate to simulate the combustor as a three parts 
component: primary zone, secondary zone and dilution zone. In the first one, due to 
the high temperatures, the complete set of equations is required. In the second region 
the combustion continues, although the oxides of nitrogen generated in the primary 
zone will not disappear. In the dilution part there is almost no chemical reaction, 
being just the mixture of two streams. The development of the complete component, 
as described above, was carried out as a separate module, because no validation data 
was available to the author. A remaining issue for future code development would be 
the introduction and validation of a more complex reaction system. The validity of 
this method should also be confirmed against the new technologies, such as the lean 
pre-mix combustor, to have confidence in the prediction of future systems. 
3.9. TURBINE 
High, intermediate and low pressure turbine as well as power turbine can be 
simulated using the same type of equations. 
In this section a HPT will be considered. Between the entry flow (engine section 
4) and the stator throat (engine station 405) there will be a cooling flow addition .. 
W7 
Between the throat and the entry of the rotor (engine station 41) there is another 
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another cooling flow added to the main stream, W? Ieed. After the rotor (engine station 
42), the last cooling flow is injected, WIweed-' The net value of the flows must take 
into account the internal air system contribution, (disks, firtrees, platforms and 
casings cooling). Due to the hot gas ingestion, these flows can, in some cases, be 
negative. A more detailed explanation will be found in chapter 5, dedicated to the 
treatment of cooling flows. 
3.9.1. TURBINE THROAT 
The equations of mass flow, energy and species conservation describe the flow 
evolution between the entry of the turbine and its throat, with no total pressure losses 
considered": 
+wBked w =W [3.1381 405 41 
p =p [3.1391 405 4 
(w 
4H4 
+ wBkedHBleed 
H405 
Bleed [3.1401 W4 + WI 
+ XiBleed Bleed 
XJ 405 = 
(Xi AIW, 
[3.1411 W4 + W1 Bleed 
A particular case of the species conservation is the fuel to air ratio and water to 
air ratio calculation in the open cycles. 
With this information it will be possible to evaluate the mass flow parameter at 
this station, crucial for the complete gas turbine behaviour. 
Y405 +1 
w 
o5 
Veo-, 
2 2(Y4, -11 -LI15 
7405-1 
,V 
1+ M4 
5W [3.1421 40 
,v2 3405 7405 
( 
Typically, the Mach number will be unity, and the expression will be: 
22 The cooling flows WIBIeed and W2BIeed are used for the NGV and W? Ieed is used for the rotor 
23 In single stage turbines it will not be difficult to derive a value of total pressure losses from the 
efficiency map, assuming a split between rotor and stator, with a further division inside the rows 
to account for the losses after and before the throat. In multi-stage turbines it would also be 
possible to make a guess and use a value of 0.02-0.05 of total pressure losses relative to the exit 
dynamic head. When the total pressure losses are not considered, a scaling factor for the mass 
flow parameter, comprising the errors in total pressure, temperature and area, will be employed. 
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"03 +1 y 'V405 Je405 fý4705 7405 +l ) T2ir-, 
a-, - 13 [3.1431 ý 
74115 
(2 
3.9.2. ROTOR ENTRY 
As in 3.9.1., the equations of mass flow, energy and species conservation 
describe the flow evolution between the throat of the NGV and the rotor entry. Again, 
no total pressure losses are considered. 
jV =W+ WBleed 2 [3.1441 41 405 
p =p [3.1451 41 405 
wBieedH, Bked (W 
2 H41 405H405 
+ 
WBleed [3.1461 W405 +2 
+XBleedWBIeed) w2 (XI 405 405 12 Xi 41 ý W405 + W2 Bleed 
[3.1471 
From the enthalpy, pressure and composition the stator outlet temperature, 
another essential gas turbine parameter, will be found. 
3.9.3. TURBINE ROTOR 
In the turbine rotor there will be no change in mass flow or species, and only a 
drop in temperature and pressure is considered. As in the case of the compressor 
design, there will be four possibilities: 
Pressure ratio and isentropic (adiabatic) efficiency data, CASE 1. Occurs typically 
if the turbine is discharging to the exhaust nozzle: 
p 
7ýHPT = 42 llis HPT 41-42 P41 
Pressure ratio and polytropic efficiency data, CASE II. As in the previous case, 
takes place if the turbine is discharging to the exhaust nozzle: 
'rHPT ý 
P42 
l7poly HPT = 11poly 41-42 P41 
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0 D" Reduction in corrected enthalpy and isentropic (adiabatic) efficiency data, CASE 
III. Is the normal case of a turbine driving a compressor: 
, 
dHHPT 
= 
AH41-42 
l7is HPT ý 'Is 41-42 (YRO)HPT 74IR41041 
Reduction in corrected enthalpy and polytropic efficiency data, CASE IV. Again, 
is the common case of a turbine driving a compressor: 
AHHpT 
= 
AH41-42 
'7ply HPT = 'lply 41-42 (, yRe), P,, 
74, R4, e4, 
3.9.4. TURBINE DELIVERY TEMPERATURE AND PRESSURE IF 
ISENTROPIC EFFICIENCY AND PRESSURE RATIO ARE GIVEN (CASE 1) 
When isentropic efficiency and pressure ratio are given, the exit temperature can 
be calculated using a procedure analogous to the one described in 3.3.1. 
From the adiabatic efficiency definition the next equation is obtained: 
TIN T42 
CpdT 
jCpdT 
1741-42 T 
[3.1481 
The isentropic exit temperature will be determined using the Gibbs equation 
(analogous to [3.24]): 
n 
dT p '= (04s2 
- 
04, )-R4, Ln 42 [3.1491 0=f Cp R4, Ln 
P 
41 
T p41 p41 
With these equations the turbine isentropic and actual exit temperatures will be 
calculated employing an iterative method. The first value of the isentropic temperature 
will be obtained with the conventional relation between pressure and temperature as 
shown in eq. [3.25]. 
3.9.5 TURBINE DELIVERY TEMPERATURE AND PRESSURE IFPOLYTROPIC 
EFFICIENCY AND PRESSURE RATIO ARE GIVEN (CASE II) 
In the case of known polytropic efficiency and pressure ratio, the exit temperature 
can be calculated using a procedure similar to the one described in detail in 3.3.2. 
The definition of polytropic efficiency for a turbine will be: 
3.43 
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POLY dH 
7741-42 = 7H--"- [3.1501 
The expression that relates pressure ratio, exit temperature and polytropic 
efficiency, using the Gibbs equation and the definition of polytropic efficiency is: 
I IT dT 1 
, -04, 
)=R4, 
Ln. 
P42 
[3.1511 POL rT 
POLY P41 l'o 
T41-4Y2 
41-4Y2 
fj"412CP 
TI 
The exit temperature will be determined employing an iterative procedure. A first 
estimation of its value can be done by assuming constant Cp during the expansion 
process, obtaining an expression equivalent to [3.3 1]: 
la 1 
741 
T42 ýTW 
( P42 
r(Y"I 
[3.1521 
P41 
3.9.6. TURBINE DELIVERY TEMPERATURE AND PRESSURE IF 
ISENTROPIC EFFICIENCY AND REDUCTION IN CORRECTED ENTHALPY 
ARE GIVEN (CASE 111) 
When the isentropic efficiency and drop in corrected enthalpy are given, the exit 
temperature and pressure are determined with the following procedure. 
Equation [3.149] obtained in 3.9.4. gives the relation between isentropic 
temperature and pressure ratio. Hence, if the exhaust isentropic temperature is found, 
the pressure ratio will be immediately obtained. 
Using the isentropic efficiency definition, the next equation is determined: 
TIS 
CpdT = il4l-42, y4i 
R41041 AH41-42 [3.1531 
T41 
( 
y4lR, 11041 
) 
the rhs of the equation is known. Hence, the isentropic temperature can be easily 
calculated and, using eq. [3.149], the pressure ratio is easily obtained. 
3.9.7 TURBINE DELIVERY TEMPERATURE AND PRESSURE IF POLYTROPIC 
EFFICIENCY AND REDUCTION IN CORRECTED ENTHALPY ARE GIVEN 
(CASE IV) 
If the polytropic efficiency and decrease in corrected enthalpy are given, the exit 
temperature and pressure will be determined using the definition of corrected 
enthalpy: 
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The only unknown in this equation is the turbine discharge temperature T42, that 
can be found using an iterative method. 
With equation [3.151], derived in 3.9.5, relating pressure ratio, exit temperature 
and polytropic efficiency, the discharge pressure will be immediately obtained. 
3.9.8. EXIT OF THE TURBINE 
Once the rotor exit has been solved, the last cooling is introduced. This takes into 
account the rotor cooling flow and others that do not contribute to the turbine work. 
As in 3.9.1. and 3.9.2. the equations of mass flow, energy and species 
conservation describe the flow evolution between the exit of the rotor and the exit of 
the turbine, with no total pressure losses being considered. 
W=W+ WBleed 
43 42 3, [3.155] 
p =p [3.1561 43 42 
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W42H42 
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42W42 x/ 
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From the enthalpy, pressure and flow composition, the turbine outlet 
temperature, used for the control in most conventional gas turbines, will be obtained. 
3.9.9. TURBINE OFF-DESIGN BEHAVIOUR 
As in the case of the compressor, the turbine characteristics can be corrected 
using the mass flow, enthalpy drop or pressure ratio, shaft speed and efficiency: 
=f 
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When the Mach number is included, to improve the simulation capability, the 
next functions are obtained: 
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Generic turbine maps can also be scaled to simulate our particular case: 
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If a more accurate definition of the non dimensional parameters where employed, 
the enthalpy and mass flow scaling factors would be: 
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3.9.10. MULTI-STAGE TURBINE 
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For performance purposes the turbine is a black box characterised by two maps. 
When the turbine has more than one stage and the mass flow through the turbine 
changes, due to the cooling and sealing flows, the links between the power supplied, 
the efficiency and the exit temperature are not completely clear. The typical way to 
solve the problem is to have the following: 
An efficiency map which does not correspond with the aerodynamic efficiency, 
but produces the right exit temperature (enthalpy) for a given speed. 
A corrected mass flow map which produces the right work for the enthalpy drop 
and speed. 
With this method it is possible to observe some paradoxes (i. e. improvements in 
the turbine efficiency as the cooling flow increases, with a clear drop in the efficiency 
of the machine). Therefore, the target is to find an inlet mass flow and enthalpy that 
give the right exit temperature and power with an efficiency that has some 
aerodynamic meaning, having information of the first NGV corrected mass flow. 
Chapter 5 will give a more detailed explanation on this subject. 
3.9.11. REYNOLDS NUMBER CORRECTION 
As in the case of the compressor, the turbine maps will also be corrected with the 
Reynolds number. The generic equations derived in 3.3.6.6 can be directly applied 
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for the turbine. For open cycles, using assumptions similar to the ones made for the 
compressor, the expression of the turbine Reynolds number correction will be: 
Recorrection fP( 
t", f 
) 1*15, NXf 
[3.1711 
P, f t Nf -J-T- 
However, it is very frequent to obtain the turbine maps running cold tests and 
using scale models. 14 Therefore, gas properties and scale corrections will be 
important, being necessary to employ the full expression given by equation [3.60]. 
3.10. REHEAT 
The reheat gas turbine concept has been operating in the aeroengine field for over 
three decades as a mean of increasing the thrust (up to 50-60% relative to non-reheat 
operation) without any modification in the core of the machine [95]. The penalty is a 
large increase in specific fuel consumption. With no turbomachinery behind the 
afterburner the temperatures reach values close to stoichiometric (2000-2200 K). 
In industrial gas turbines, the concept of reheat is not new, and in the early-mid 
80s some papers showed the possible advantages of such system [37], [571, [58], [90], 
[1041, [1051, [106] and [107]. During the mid-late 80s the Japanese AGTJ-lOOA and 
10013 intercooled. & reheat gas turbines were under full scale test for over three years 
[901 and [1271. However, it was in the early-mid 90s when this concept was 
implemented in production turbines (ABB-GT24 & GT26). 
Unlike for the aero gas turbines, where the afterburner is mostly used for short 
periods of time, in the industrial field the reheat is employed during baseline 
continuous operation in combination with the combustor, and is located after one or 
more turbine stages, with additional expansion downstream. The reheat temperatures 
are far from stoichiometric, being the typical of a conventional combustor, or even 
lower [57], [90] and [127]. The arrangement of the system is also similar to a 
combustion chamber, not to an aeroengine afterburner. 
In terms of efficiency, when used as a simple cycle, the result could not be the 
best, due to the large quantities of heat rejected to the atmosphere. " But when the 
reheat gas turbine is used in conjunction with a steam turbine bottoming cycle the 
thermal efficiency is excellent, achieving figures of the order of 55-60%. 
24 For situations where the engine Reynolds number is near the critical value it will be important to 
run the tests using this value, or a very close one. 
25 Only when very high overall pressure ratios are employed the exit temperature is adequate. As an 
example, the ABB GT-24 & GT-26 have a pressure ratio around 30. 
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Figure 3.15. Reheat system efficiency correction for kqe fuel to air ratio operation 
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3.10.1. SIMULA TION OF REHEA T 
The reheat will be treated as another combustion chamber. The only difference 
will lie in the efficiency calculation. Figures 3.14 and 3.15 show factors that modify 
the conventional combustion efficiency. 
3.11. EXHAUSTDIFFUSER 
While the aircraft propulsion engines try to accelerate the flow as much as 
possible, to produce thrust, the industrial gas turbines do not use the exit velocity. 
Therefore, the exhaust kinetic energy should be minimised to improve the 
performance, being a compromise between final area (or Mach number) and difftiser 
length, due to the limitation in the divergence angle (values around 5-70 are usually 
selected): 
- Long diffuser=high wall friction losses & low exit Mach number" 
- Short diffuser= low wall friction losses & high exit Mach number 
If the exhaust is subsonic, which is the most common situation, the final static 
pressure will be ambient. If that is not the case, the exit Mach number will be one at 
section 8 and the static pressure will reach the critical value. The total pressure losses 
are, typically, a function of the inlet Mach number (or dynamic head) and swirl. The 
equations that solve the exhaust diffuser are the following: 
W, =W. 82 [3.1721 
H8= H-2 
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=T-2) [3.1731 
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26 The low energy boundary layer will be separated after a certain length, dictating the optimum 
diffuser length, as the region of the diffuser located after the separation is useless. 
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These expressions, together with the thermodynamic model, are enough to solve 
the exhaust system. For a first estimation, equations analogous to [3.75], [3.76] and 
[3.77] could be used. Also, if the exit Mach number if low, these will give an 
adequate solution. 
3.12. EXHAUST HEAT EXCHANGER, HEAT RECOVERY STEAM 
GENERATOR, STEAM TURBINE AND STEAM GENERATOR 
When the power plant is not a simple cycle but a combined cycle with a steam 
turbine bottoming cycle, [101, [11], [12], [191, [26], [391, [461, [471, [871, [104], 
[105], [129] and [139], a Cheng cycle (steam injected gas turbine), [12], [13], [15], 
[761, [77], [85], [127], [130] and [1451, or a combined steam/heat and power, [2], 
[7], [24], [58], [77], [79], [91], [110], [111], [144] and [145], it is necessary to model 
three additional components: heat exchanger or heat recovery steam generator, steam 
turbine and steam generator. 
The steam turbine is simulated here as a single pressure superheater steam cycle. 
Although it would be possible to increase the complexity of the bottoming cycle, the 
author has preferred to maintain its simplicity, " as this thesis is focused on the gas 
turbine side. 
27 The simple steam turbine module could be substitute either with a more complex one (double or 
triple pressure reheat turbine with deareator, intermediate bleeds, etc. ) or linked with a 
commercial code. 
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3.12.1. HEAT EXCHANGER AND HEAT RECOVERY STEAM GENERATOR 
The heat recovery steam generator and the heat exchanger are modeled as 
systems where heat is extracted from the high temperature gas turbine exhaust gases: 
" The HRSG will be coupled with a steam turbine or a steam generator (to be used 
for steam injection or process), characterised by a difference between the HRSG 
inlet temperature from the gas turbine side and the maximum steam temperature 
(of the order of 50 K) and by a pinch point minimum temperature difference (of 
the order of 20 K) or a minimum exhaust temperature. 
" The heat exchanger is coupled with other system characterised by a temperature 
drop. In this condition only the exhaust temperature and the pressure losses are 
given. 
In the first situation, the most common and interesting one, the heat recovery 
steam generator is characterised by two of the three temperatures mentioned above 
and the total pressure drops in the economiser and superheater. 
3.12.2. STEAM TURBINE AND STEAM GENERATOR 
As it was mentioned at the beginning of this section the steam turbine and steam 
generator are very simple. Both are of the single pressure superheater type. The steam 
turbine main parameters are: isentropic efficiency, maximum pressure, exhaust back 
pressure, minimum exhaust moisture, pump isentropic efficiency and auxiliary losses. 
For the steam generator the parameters are the maximum pressure, pump isentropic 
efficiency, auxiliary losses and water inlet temperature and pressure. 
3.13. PRECOOLER 
A special case will be the precooler, a heat exchanger used to reduce the 
compressor inlet temperature increasing the T41T2 ratio, as described in refs. [72] and 
[741. The system will be specially effective if a cryogenic fluid is employed [74], 
causing a substantial drop in the main stream temperature. The equations to solve this 
component will be either the ones given in section 3.3 for the intercooler, if no data is 
available for the cold side, or the ones of section 3.5 for the regenerator, if the mass 
flow, temperature, etc. of the coolant are known. 
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4.1. INTRODUCTION 
After the generation of models for each component of the gas turbine (inlet, 
compressor, combustor, turbine, ... ) 
it is necessary to integrate them, to be able to 
build up the desired power plant & control, [32], [101], [121] and [131]. There will 
be two main simulation cases: design and off-design, that will be treated separately. 
Different engine configurations will be examined, from the simple single shaft 
open cycle machine to a more complex system such as an intercooled & regenerated, 
steam injected & reheat gas turbine. 
4.2. DESIGN POINT SIMULATION 
The variables required to solve each component and a summary for the complete 
system will be given. 
The first requirement is the power plant arrangement: open or closed cycle, 
number of spools and presence, or not, of intercoolers, steam injectors, regenerator, 
reheaters, free power turbine, steam turbine (for combined cycles), etc. 
Some of the variables identified in this section will not be directly used for the 
design point calculations, but will be required to build the complete engine model (file 
MOTORMAT created each time a design point is run), an operation that is carried 
out at this stage. Some variables required for the off-design must be introduced by the 
user, while others are calculated internally by the code. 
Four files will be necessary to run a design case: 
CONTROLMAT: containing the control of the gas turbine and the name of the 
other files. 
DESIGN (the name of the file can be found in CONTROL. DAT): containing the 
design point values for the variables. 
ENGINE (the name of the file can be found in CONTROLMAT): containing the 
component maps 
OUTDAT (the name of the file can be found in CONTROL. DAT): containing the 
output variables. 
4.2.1. GENERAL CYCLE VARIABLES 
Some parameters will affect not only a single component, but the complete gas 
turbine: 
9 Inlet mass flow 
9 Ambient pressure, temperature and relative humidity 
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Working fluid composition (only for closed & semi-closed cycles) 
Fuel composition 
4.2.2. INLET, DUCTS AND EXHAUST SYSTEM 
4.2 
These component will have similar treatment, requiring the same design point 
input variables: 
" Total pressure losses, given as a fraction of the inlet total pressure. 
" Area or Mach number 
" Nozzle pressure ratio (only for the exhaust diffuser) 
" Swirl angle (not necessary in the case of the intake). 
4.2.3. COMPRESSOR 
Two variables are required for a compressor: pressure ratio or enthalpy rise and 
isentropic or polytropic efficiency. 
If the compressor has variable geometry, the stators angle at design stage will be 
taken as zero (reference). A flag will be activated to employ this capability at off- 
design. ' 
The turbine cooling, anti-surge and over board flows, will be treated in a separate 
section, but their values are required to complete the calculations. 
Although not strictly required to solve the compressor at design point, it is 
necessary to have the design speed or, more rigorously, design relative speed, as well 
as the mathematical parameter beta, to be able to scale, if necessary, the component 
maps for off-design. Standard pressure, temperature, gamma and gas constant, used 
for maps generation, should also be supplied. 
4.2.4. DRY INTERCOOLER 
The exit total temperature, power extracted or decrease in enthalpy is the first 
parameter required. The second one will be the drop in total pressure. 
The zero is just a reference for the code, and at off-design the stators can be opened (negative 
angle in CONTROLDAT) or closed (positive angle in CONTROLDAT, as this is the most 
common situation). 
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4.2.5. EVAPORATIVE COOLER 
In addition to the pressure losses the other variable needed will be either the exit 
temperature, relative humidity, water to air ratio or water mass flow. For this 
component the selected value is not always adequate, (i. e. it is possible to select an 
exit total temperature lower than the value obtained with a 100% relative humidity, 
therefore impossible to achieve). In those cases an error message will be given by the 
code, indicating the problem. 
4.2.6. STEAM INJECTOR 
The pressure losses of core and steam injectors streams and the main stream 
Mach number are the only variables required at design stage. The steam pressure, 
temperature and total mass flow will be obtained from the steam generator and the gas 
turbine exit conditions. 
4.2.7. REGENERATOR 
Pressure losses of both, cold and hot streams, and regenerator effectiveness are 
the parameters needed. 
4.2.8. COMBUSTOR OR MAIN HEAT EXCHANGER 
The cold total pressure losses at design stage should be supplied by the user for 
either, combustor or main heat exchanger. For the conventional combustion chamber 
it is also possible to give the constants k, and k2, together with the entry area, to 
calculate the cold and hot losses. 
The second, and usually main engine control variable, 'would be either the 
combustor exit temperature, HPT stator outlet temperature, LPT stator outlet 
temperature, FPT stator outlet temperature, turbine exhaust temperature, fuel to air 
ratio, fuel flow or gas turbine power output. With any of these parameters it would be 
possible to obtain the combustor exit temperature. In the real machine the fuel flow is 
the control available, with turbine gas or metal temperature used as feedback. 
In addition to the conventional variables, if a correlation similar to the ones 
presented in chapter 3 is used (equations [3.125] to [3.128b]), the volume of the 
primary+ secondary zones is required to evaluate the combustion efficiency, 
In the case of the main heat exchanger two parameters are required: the first one 
is the effectiveness and the second variable could be selected among the ones available 
for the combustor, except the fuel to air ratio or fuel flow, not present in this 
component. 
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4.2.9. TURBINE COOLING, ANTI-SURGE AND OVER-BOARD FLOWS 
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The design point turbine cooling flows will be either specified directly by the user 
or derived from a given technology and metal temperature limit for each row, using in 
the calculation some aerodynamic data from the turbine (blade speed, stage 
loading .... ). To generate the engine model it is also necessary to have the variation of 
the flows with the pressure ratio, corrected speed, ... 
Anti-surge, over-board and customer flows' should also be supplied, in order to 
have a proper design point definition. 
4.2.10. TURBINE 
As in the case of the compressor, it will be necessary to have two variables: 
pressure ratio or reduction in corrected enthalpy and isentropic or polytropic 
efficiency. The first ones are obtained directly from the power plant arrangement: 
For a turbine that does not discharge to ambients turbine power demand (to obtain 
the corrected enthalpy drop) =compressor power+shaft output power+auxiliary 
system power extraction+ shaft losses. 
For a turbine discharging to arnbient* turbine exit total pressure (to obtain the 
pressure ratio), determined by ambient pressure, nozzle pressure ratio and 
pressure losses in the components present between turbine exit and gas turbine 
exhaust unit (regenerator, HRSG, precooling in the case of closed cycles, ... ). 
The losses and auxiliary power extraction should also be given at this stage. 
Variable geometry will not be an option at design point, but at off-design, where 
the design throat areas are taken as reference. ' 
The design relative corrected speed and corrected enthalpy are required to scale 
the turbine maps for the off-design simulations. Standard pressure, temperature, 
gamma and gas constant should also be given. 
2 While it is very common to have ovcr-board and customer bleed flows at design point, that is not 
the case for the anti surge flows, present at off-dcsign points, when the compressor operating point 
is far from the initial position. 
As for the compressor, the design throat area will be the reference, with possibility of increasing 
or decreasing its value at off-design. 
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4.5 
This system needs the same variables that a conventional burner: volume, to 
determine the efficiency, and either the component exit temperature, fuel flow, fuel to 
air ratio, power output or gas turbine exit temperature to derive the reheat exit 
temperature. 
4.2.12. STE" TURBINE AND STEAM GENERATOR 
The variables will be: 
Difference between turbine exit and maximum steam temperature. 
Pinch point temperature difference. 
Maximum steam pressure. " 
Back-pressure (for steam turbine). 
Pressure losses in the economiser and superheater ducts. ' 
Auxiliary systems losses (relative to steam turbine power). 
Split between steam in ected at combustor, before the low pressure turbine and j 
before the free power turbine. 
A special characteristic of the steam turbine and steam generator is the way of 
solving these components. The gas turbine will be represented as a system of non- 
linear equations, and will be solved using the Newton-Raphson method. However, the 
heat recovery steam generator is treated separately. If the gas turbine has a steam 
bottoming cycle, the link between them will only be the heat exchanger. Therefore, 
the steam turbine will not have any effect on its topping cycle. But if the steam 
produced by the HRSG is injected into the gas turbine (Cheng cycle), the link is 
evident. In this case the steam mass flow, pressure and temperature are determined 
using a fixed point method. This linear technique is slower than a quadratic one, but 
more stable, a very important issue when solving steam injected cycles. 
Although the steam can be injected at three different locations: combustor entry, between high and 
low pressure turbine and between low and free power turbine, where the pressures will be very 
different, the steam pressure will be the same. Ibis limitation will be avoid in a future code 
release, where some improvements will be done on the steam turbine/steam generator component. 
To simplify the evaporation process it is assumed that no pressure losses are present in the 
evaporator. 
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4.3. OFF-DESIGN CYCLE SIMULATION& CONTROL 
Once the design point has been run, and the files containing all the gas turbine 
information (component maps, pressure losses, cooling flows, ... ) are available, the 
off-design simulations can be carried out. 
As mentioned in section 4.2, the file containing the variables that can be directly 
modified is called CONTROLMAT. The engine model, component characteristics 
and output variables will be in different files. 
An important capability, in some of the components, will be the possibility to 
modify the design value of certain parameters (efficiencies, pressure losses, flow 
capacity, etc. ), running the new model as an off-design. With this special feature it 
will be possible to carry out the following studies: 
" Assessment of the possibility of aero gas turbine industrialisation 
" Feasibility of introducing a heat recovery steam generator, steam injection, 
intercooler, regenerator, etc. without modifications in other gas turbine elements 
Effect of replacing a component 
Deterioration of the gas turbine. 
4.3.1. GENERAL CYCLE CONTROL VARIABLES 
In addition to each component off-design control, that will be described below, 
the gas turbine has some variables affecting the complete cycle. 
o Ambient pressure, temperature and relative humidity 
Working fluid composition (only for closed & semi-closed cycles). This 
modification will allow the user to study the changes in operating point matching 
when using the same turbomachinery with different working fluids. 
Fuel composition (widely used to evaluate the gas turbine performance burning 
Natural Gas, Diesel No. 2, etc. ) 
4.3.2. INLET, DUCTS AND EXHAUST SYSTEM 
In general there will be no variable required for these devices. For specific 
research topics, it would be possible to modify the design pressure losses or design 
areas in order to evaluate the impact on performance. These changes will be done in 
the engine model (DESIGN file) and not in the control file (CONTROLDAT file). 
Using this capability it would be possible to determine, for example, the new gas 
turbine matching when a different exhaust unit is employed, when additional inlet 
losses are present due to installation problems, etc. 
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4.3.3. COMPRESSOR 
Corrected speed and beta are the two parameters required to determine the 
compressor operating point. 
The only independent control of the compressor will be the variable stators, if 
present, being one of the main gas turbine control systems. This parameter will be 
introduced as an angle value (relative to design). 
The other possible exercise will be the modification of the compressor 
characteristics: efficiency, pressure ratio, flow capacity, ..., to simulate the engine deterioration, manufacturing errors, fouling, etc. As in the case of the inlet, ducts and 
exhaust unit, the changes will be carried out in the engine model file. The way to 
perform the task is altering the compressor scaling factors. 
4.3.4. DRY INTERCOOLER 
Exit total temperature, heat removed or, in general, any other variable that will 
give the flow energy conditions at the end of the intercooling process could be used as 
a control parameter. 
As in a conventional duct, total pressure losses can be modified in the engine 
design file. This capability will be specially useful to simulate a very common and 
undesirable effect: the fouling of the heat exchanger. 
4.3.5. EVAPORATIVE COOLER 
The exit relative humidity, total temperature, etc. could be the independent 
control parameter. For convergence improvement relative humidity is strongly 
recommended. 
As for the dry intercooler, it is also possible to change the pressure losses, 
altering the engine design file. 
4.3.6. STEAM INJECTOR 
The steam total pressure and injector discharge area will be the control 
parameters for this component. 
Pressure losses in both, core and injected streams, as well as main stream area 
can be modified in the engine design file. 
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4.3.7. REGENERATOR 
4.8 
Once a regenerator effectiveness map has been introduced there is no control 
parameter over this device. 
As in the intercooler and steam injector it would be possible to alter the design 
pressure losses to evaluate the impact of these changes. Also, the effectiveness could 
be modified to assess the performance modification with an improvement, or 
deterioration, in this key parameter. 
4.3.8. COMBUSTOR, REHEAT SYSTEM OR MAIN HEAT EXCHANGER 
Fuel flow (or fuel to air ratio) will be the combustion chamber and reheater 
control parameter. The analogous variable for the heat exchanger will be the heat 
addition. 
Modifications in the turbine combustor volume, efficiency correlations, pressure 
losses, heat exchanger performance, etc. can be carried out by changing the values in 
the engine design file. 
4.3.9. TURBINE COOLING, ANTI-SURGE AND OVER-BOARD FLOWS 
Although there is not control over the turbine cooling flows, the value can be 
modified to simulate, for example, the effect of seal deterioration and the consequent 
changes in the engine internal air system. The new values will be supplied by the air 
system group. Anti-surge and over-board flows are, directly, control parameters. 
4.3.10. TURBINE 
Corrected speed and power are the parameters needed to set the turbine operating 
point. 
The auxiliary power extraction is a control variable, although it is not very 
important for the engine cycle performance, except for the idle operating point 
definition. 
The variable geometry will be the real independent control parameter of the 
turbine. ' The ratio between actual and design throat area represents the degree of 
freedom. 
Although not very frequent in high pressure turbines, there are several low pressure and free 
power turbines with variable stators. The Rolls-Royce-Westinghouse ICR WR21 [122] is a good 
example. 
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Because of the simplified steam turbine model, steam pressure will be the main 
control variable. As for other components, it would be possible to modify, directly in 
the engine file, some design parameters, such as pressure losses, temperature 
difference at pinch point, etc., running the power plant in off-design mode. 
4.4. EXAMPLE OF DESIGN & OFF-DESIGN CYCLE SIMULATION 
Complete gas turbine and individual component variables have been described in 
the different sections of this chapter. However, when integrating the components to 
create a machine, not all the parameters necessary to determine the performance of a 
module can be used for control. Lets take a two spool, three shaft gas turbine with 
evaporative cooler, regenerator and reheat between high and low pressure turbine as 
an example (figure 4.1). 
Figure 4.1. Scheme of the gas turbine selectedfor the simuWon 
After the selection of ambient conditions, fuel properties, turbomachinery 
variable geometry, design inlet mass flow and the mathematical control parameters, 
the gas turbine design variables could be: 
Inkt: total pressure losses and intake area 
Low pressure compressor (with variable geometry): pressure ratio and isentropic 
efficiency. Design corrected speed and beta for maps scaling. 
Evaporative coole : total pressure losses and exit relative humidity 
High pressure compressor (with variable geometry): increase in corrected enthalpy 
and polytropic efficiency. Design corrected speed and beta for maps scaling. 
Regenerato : effectiveness and total pressure loses in cold and hot streams. 
Coolina and anti-surge bleeds: cooling bleed extraction position, anti-surge bleed 
mass flow, .. 
OVEL PJSL 
EVAF"TWCOOLER 
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" Combusto : kj, k2, inlet area, combustion chamber volume, efficiency correlation 
and HPT stator outlet temperature 
" High pressure turbine: high pressure spool losses, isentropic efficiency and 
materials & aerodynamic characteristics to evaluate HPT cooling requirements 
(metal temperature, turbine stage loading factor, blade speed, ... ). Design 
corrected speed and corrected enthalpy for maps scaling. 
" Rehea : total pressure losses, reheat primary +secondary zone volume, efficiency 
correlation, free power turbine exit temperature 
" Low pressure turbine: low pressure spool losses, polytropic efficiency and 
materials & aerodynamic characteristics to evaluate LPT cooling requirements 
(metal temperature, turbine stage loading factor, blade speed, ... ). Design 
corrected speed and corrected enthalpy for maps scaling. 
" Free power turbine (with variable 2eometlW. ): free power turbine shaft losses, 
isentropic efficiency and materials & aerodynamic characteristics to evaluate LPT 
cooling requirements (metal temperature, turbine stage loading factor, blade 
speed, ... ). Design corrected speed and corrected enthalpy for maps scaling. 
" Exhaust diffuse : total pressure losses swirl angle and exit total to ambient static 
pressure ratio. 
For a conventional off-design calculation, employing the design hardware without 
any deterioration, a possible set of gas turbine control variables would be: 
" Low pressure compresso : variable stators angle position (eq. [4.1]). 
" Evaporative cooler: exit relative humidity (eq. [4.2]). 
" Hi2h pressure compressQr: variable stators angle position (eq. [4.31). 
" Combusto : high pressure turbine stator outlet temperature (eq. [4.7]). 
" Rehea : low pressure turbine stator outlet temperature (eq. [4.9]). 
" Free power turbine: variable stators throat area ratio (eq. [4.11]) and power 
output shaft speed (eq. [4.121). 
In addition to these control variables the code will use others, to fonn a set of 
thirteen equations: 
" High pressure compressor: flow capacity (eq. [4.4]). 
" Regenerator: effectiveness (eq. [4.5]). 
" High pressure turbine: flow capacity (eq. [4.61). 
" Low pressure turbine: flow capacity (eq. [4.8]). 
" Free power turbine: flow capacity (eq. [4.101). 
" Exhaust diffuse : exit static pressure or exit area (eq. [4.13]). 
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No modification in the total pressure losses, position of cooling bleed, etc. is 
intended. 
The equations of the system will be: 
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The well known Newton-Raphson method has been selected to solve the non- 
linear system of equations. The general fonn at iteration n could be: 
aff (x. ) af, (x») oýr, (x. ) 
ý ( ixi 
-fi (x») , 2X-J nx 
afj (x») afj (x. ) afi (x») 4 = 
afN (xn) ýý (x» 0N t9fN 
cfxl 
... 
xi 9X -f, 
ýN (X»» 
Xn 
Using the abbreviated notation: 
:, 1= 4fi axi 
[4.141 
[4.151 
[4.161 
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The thirteen variables xj, for the gas turbine considered, will be: 
" Low pressure compressor: shaft speed, beta and variable stators angle (x8=XN2, 
x4 = P2 and x, = a2). 
" Evaporative cooler: exit temperature (x2=T23). 
" High pressure compressor: shaft speed, beta and variable stators angle (x6=XN25 
xl, 3 = P25 and x. = a2.5) 
Regenerator: exit temperature (x5 = T33) 
Combustor: fuel to air ratio (X7=FAR4). 
Reheat: fuel to air ratio (x9=FAR4.5). 
0 Free power turbine: corrected enthalpy drop, shaft speed and, variable throat area 
(X12'= AH67'(Y67R67067)9 X]0'4--XN67 and x,, =A6,. s) 
The variables have been selected to obtain a partial derivative matrix with the 
largest terms in the diagonal. 
An equivalent procedure to the one described above will be followed for other 
gas turbine configurations. 
For unconventional off-design studies, the efficiency, flow capacity, pressure 
ratio, etc. of the different components could be modified. Table 4.11 gives a detailed 
list of the parameters. 
4.5. OFF-DESIGN LIMITING VALUES 
The gas turbine components have certain values that must not be exceeded during 
off-design operation. Compressor minimum surge margin, compressor and turbine 
maximum & minimum corrected speeds, maximum compressor discharge temperature 
and pressure, maximum turbine stator outlet temperature, maximum shaft speeds, 
maximum power output, etc. are examples of conventional limiting values. 
From the simulation point of view there are two possible solutions when a limit is 
switch on and, during a run, its value is exceeded: 
" The code runs normally, exceeding the limiting value, but a warning message will 
appear in an output file. If the control explicitly asks for a value in the parameter 
larger than the limit, and is not the result of controlling another variable, there 
will be no output message. 
" The control of the gas turbine is changed, so the limiting parameter is not 
exceeded. 
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The first solution has been initially adopted in GTSL The implementation of the 
second one should be done case by case, as there are several possibilities of 
controlling a single -variable. ' 
4.6. CONTROL VARIABLES AND ERROR MESSAGES 
An detailed description of the design and off-design variables has been carried out 
through the last sections of this chapter. A more extensive classification is presented 
in GTSI Computer User Guide, where all these variables, with the specific 
nomenclature, are explained. Nevertheless, when using the code, it is not difficult to 
make a mistake and select an inadequate control variable (i. e. try to control the surge 
margin with the variable stators and with the stator outlet temperature at the same 
time, leading to a mathematical error). In these cases the code does not run, 
producing error messages that will enable the user to fix the problem and generate the 
adequate DESIGN and CONTROLMAT files. The list of specific messages is also 
given in GTSI User Guide. 
If the minimum compressor surge margin has been exceeded, the gas turbine can control its value 
using the combustor outlet temperature, compressor variable stators (if present), compressor bleed 
valves (if present), etc. 
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DESIGN VARIABLES 
Inlet Pressure losses 
Area or Mach number 
Compressor Pressure ratio or increase in corrected enthalpy 
Isentropic or polytropic efficiency 
Relative corrected speed 
Beta parameter 
Duct Pressure losses 
Swirl angle 
Area or Mach number 
Dry intercooler Pressure losses 
Exit temperature, exit enthalpy, heat removed.... 
Evaporative cooler Pressure losses 
Exit temperature, exit relative humidity, 
Steam injector Inlet main stream area or Mach number 
Pressure losses in both streams 
Regenerator Regenerator effectiveness 
Pressure losses in both streams 
Combustion chamber Pressure losses 
Primary+ secondary zone volume 
Efficiency correlation 
Main heat exchanger Pressure losses 
Efficiency 
Turbine Pressure ratio or decrease in enthalpy 
Isentropic or polytropiC efficiency 
Relative corrected speed 
Relative corrected enthalpy drop 
Shaft losses 
Auxiliary power extraction 
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Reheater Pressure losses 
Primary +secondary zone volume 
Efficiency correlation 
Cooling & anti-surge bleeds Cooling bleed mass flow relative to the HP 
compressor inlet mass flow 
Anti-surge mass flow relative to the compressor inlet 
mass flow (LP, IP or HP) 
Metal temperature of the vane/blade row, cooling 
technology and turbine main characteristics (loading 
factor & blade speed or number of stages) 
Pressure losses for the cooling system 
Exhaust diffuser Pressure losses 
Swirl angle 
Area, Mach number or nozzle pressure ratio 
Steam turbine Steam maximum pressure 
Steam turbine efficiency 
Economiser & superheater pressure losses 
Temperature drop between GT exit and steam 
Pinch point temperature difference 
Steam back pressure 
Liquid water pump efficiency 
Auxiliary system power losses relative to ST power 
Steam generator Steam maximum pressure 
Economiser & superheater pressure losses 
Temperature drop between GT exit and steam 
Pinch point temperature difference 
Liquid water pump efficiency 
Auxiliary system power losses relative to ST power 
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OFF-DESIGN VARLkBLES 
Inlet Design pressure losses (Unconventional) 
Area (Unconventional) 
Compressor Variable stators angle 
Design flow capacity (Unconventional) 
Design efficiency (Unconventional) 
Design pressure ratio or corrected enthalpy rise 
(Unconventional) 
Duct Design pressure losses (Unconventional) 
Swirl angle (Unconventional) 
Area (Unconventional) 
Dry intercooler Exit temperature, exit enthalpy, heat removed,... 
Design pressure losses (Unconventional) 
Evaporative cooler Exit relative humidity, exit temperature, 
Pressure losses (Unconventional) 
Steam injector Main stream inlet area (Unconventional) 
Pressure losses in both streams (Unconventional) 
Regenerator Design effectiveness (Unconventional) 
Pressure losses in both streams (Unconventional) 
Combustion chamber Design efficiency correlation (Unconventional) 
Design pressure losses (Unconventional) 
Primary+ secondary zone volume (Unconventional) 
Main heat exchanger Efficiency (Unconventional) 
Design pressure losses (Unconventional) 
4.18 
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Turbine Variable stators throat area ratio 
Auxiliary power extraction 
Design pressure ratio or corrected enthalpy drop 
(Unconventional) 
Design efficiency (Unconventional) 
Design shaft losses (Unconventional) 
Reheater Design efficiency (Unconventional) 
Design pressure losses (Unconventional) 
Primary +secondary zone volume (Unconventional) 
Cooling & anti-surge bleeds Anti-surge mass flow 
Design cooling mass flow (Unconventional) 
Design pressure losses (Unconventional) 
Exhaust diffuser Pressure losses (Unconventional) 
Swirl angle (Unconventional) 
Exit area (Unconventional) 
Steam turbine Steam maximum pressure 
Steam turbine design efficiency (Unconventional) 
Economiser & superheater design pressure losses 
(Unconventional) 
Temperature drop between GT exit and steam 
(Unconventional) 
Pinch point temperature difference (Unconventional) 
Steam back pressure (Unconventional) 
Auxiliary system power losses relative to ST power 
(Unconventional) 
Steam generator Steam maximum pressure 
Economiser & superheater design pressure losses 
(Unconventional) 
Temperature drop between GT exit and steam 
(Unconventional) 
Pinch point temperature difference (Unconventional) 
Auxiliary system power losses relative to ST power 
(Unconventional) 
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5.1. BLADE COOLING CONSIDERATIONS 
Blade cooling has been, probably, the technology that contributed most to the 
increase in turbine entry temperature in the past three decades. It is important to bear 
in mind that an increase of 50 K can provide corresponding increases of over 5% in 
power output and 0.5 to 2% in simple cycle efficiency. 'The cost benefit associated to 
these improvements will be significant. and more than $500,000/yr. /lOOMW can be 
saved by the users of a combined cycle power plant. Hence, development of adequate 
turbine cooling continues to be one of the main challenges in advanced designs. 
Until late 1960s and early 1970s, the rise in firing temperature paralleled the 
increase in alloy temperature capability. During the 1970s, however, firing 
temperature increases outstripped alloy advances. Two factors were responsible: 
" Film cooling was introduced, which decoupled firing temperature from maximum 
metal temperature. 
" As metal temperatures approached 870*C, hot corrosion became more life limiting 
than strength. 
The concurrent increase in use of more contaminated fuels added another 
dimension to the corrosion problem. In figure 5.1 the evolution of blade metal 
temperature and base load stator outlet temperature (or turbine entry temperature in 
other cases) is plotted. It is evident that during the 1950s and 1960s there was an 
important increase in metal temperature, but in the late 1960s and specially in the 
early 1970s this tendency stopped. The most modem machines have peak load TET 
higher than 1700 K, although for base load the values can be substantially reduced to 
increase life of the hot parts. ' For the stages subject to the highest temperatures blade 
coatings are frequently employed. 
The turbine cooling airflow in the modem acroderivative and heavy duty 
industrial gas turbines can be as high as 20% of the core flow, having a major effect 
on performance. This figure includes vane, blade, platform and disc cooling. 
Film cooling has severe penalties in terms of aerodynamic efficiency, stress 
concentrations, larger manufacturing costs, increase in sensitivity to manufacturing 
tolerances, etc. 
With this scenario it is easy to understand that an adequate simulation of the 
cooling flows, as well as a correct prediction of the amount of cooling needed for the 
turbines are essential. 
Blade cooling was introduced by the Germans in the Jumo, engine in 1943 and the first cooled 
turbine blade entered airline ser%ice in 1960, in the Conway engine. 
2 The latest GE (Fraxne H) and Westinghouse (701F) machines have SOT over 1650 K, that 
represent an increase of 100 to 130 K relative to the previous designs. 
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Figure 5.1. Turbine entyy temperature and meld temperature of industrial gas turbines 
5.2. BLADE COOLING MODELING 
Most gas turbines, in operation or projected, employ film cooling, in addition to 
internal convectionlimpingement cooling? Air is taken from different parts of the 
compressor: for the first stage the air is bled from the compressor discharge and, 
bypassing the combustor, cools the RPT NGVs and the HPT blades. For intermediate 
pressure stages the air is taken from the middle of the compressor. This method has a 
double benef-it: reduces the compressor work, increasing the efficiency, and drops the 
cooling air temperature, decreasing the mass flow necessary to achieve a certain metal 
temperature. 
In turbines where the cooling mass flow, number of stages, cooling technology 
and metal and firing temperatures are known, the simulation of blade cooling will be 
used to generate correlations to be employed in future gas turbines. This kind of work 
has been done by NASA during the past decades, and several reports have been 
written. Early experiments are covered by NASA TN D-5992 [43], NASA TM X- 
2580 [1431 and NASA TP 1310 [89]. A summary is given in one of the chapters of 
NASA SP-290 [511, as well as in a chapter of Aerothertnodynamics ofAircraft Engine 
Although even for moderately high operating temperatures film cooling has been employed in the 
last decades. Some novel technique have been proposed for internal blade cooling of small 
turbines, where film cooling represents also a manufacturing problem. 
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Components [95]. Furthermore, each year the number of papers on turbine cooling 
increases, achieving, progressively, a better understanding of the physical phenomena 
and, consequently, a better matching between predictions and experimental results. 
For performance purposes four different types of blade cooling will be 
considered: 
Convection and impingement 
Convection, impingement and slots film cooling 
Conventional film cooling 
Full coverage film cooling 
The first one corresponds to the earliest cooled gas turbines, while the last three 
are employed in gas turbine in operation and will be used in future ones. To improve 
the flexibility, the code allows the user to introduce his/her own cooling model. 
Correlations for the first three types are taken from the references mentioned 
above, and are plotted in Figure 5.2. The last one was obtained from chapter 2 of 
Steady and Transient Per5rormance Prediction of Gas Turbine Engines [99]. 
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5.2.1. FILM COOLING EFFECTIVENESS 
5.4 
Conventional and full coverage film cooling are the most widely employed 
methods in advanced turbines. The cooling achieved is expressed in terms of cooling 
effectiveness. 
TM - T... f 
To. - Tam 
From the performance point of view the metal temperature will be an average. 
However. it is important to consider that the real effectiveness will change 
considerably across the blade spanwise sections, according to the variations of local 
gas and metal temperature. 
The value of mean cooling effectiveness is dependent on the complexity of the 
cooling design and also on the cooling flow rate through the blade. Turbine cooling 
engineers use a cooling flow coefficient which incorporates a heat transfer term, but 
for cycle analysis purposes it is necessary to convert this to simple cooling mass flow. 
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Figure 5.3 provides a correlation for full coverage film cooling that relates the 
cooling effectiveness with the percentage of cooling flow. The more complex internal 
cooling flow configurations allow to achieve a higher cooling effectiveness. Values of 
0.75 to 0.8 can be found in the NGVs mean cooling effectiveness, with cooling mass 
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flow over 10%. For rotor blades. values of 0.55 to 0.60 are more typical. with 
cooling flow rates seldom exceeding 5 ',, c - 
Since the NGN's are prone to the most severe temperature environment. ' an 
additional cooling capability is frequently needed. However, as the stresses in the 
rotor are much higher. for the same material and life the NGVs could operate up to 
100 K hotter than the rotor. For the rotor blade requirements, other important and 
beneficial effect must be taken into account: due to the rotation, the blade effectively 
. runs away" from the NGN' exit flow. thereby reducing the relative total temperature. 
From the velocity triangles it can be shown that: 
u: 
T-1, T11 --[2 Rn +1 [5.21 2C,, - L_ 
I 
Where: T,, Relative total gas temperature at rotor inlet 
T4 Absolute total gas temperature at rotor inlet 
LT. Tangential blade speed 
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Figure 5.4. T,.,,,, T41 ratio for differrnt turbine work and stator outlet temperature 
Not onlN the temperature itself is higher, but, sometimes, also the temperature peaks (hot and cold 
spots) the high pressure turbine NGN's must withstand are more severe than in the rotor. 
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--Despite that the determination of Rn requires aerodynamic blade details, most 
turbines for jet engine and industrial applications are designed close to 50 % spanwise 
average Reaction (Rn=0.5), so the calculation can be easily done. ' The equation is 
simplified now to: 
Tr . =I a [5.31 
The value of Cp will also be evaluated as an average between the entry and exit 
of the turbine stage. 
T. 
AH,, 
g 
f CpdT pAT,, g 
T. d 
[5.41 
Using current gas turbine values of enthalpy drop per stage, SOT and constant 
pressure specific heat, the ratio T,,,, ý41 is calculated (figure 5.4). 
From this figure, a value of 0.93-0.94 can be taken as a reasonable empirical 
approximation for the first stage rotor temperature. In combination with the cooling 
effectiveness, the above procedure enables the stator outlet temperature to be related 
to rotor blade metal temperature. In spite of this effect, that decreases the relative 
total temperature, it is most often the first stage rotor temperature which sets the 
upper limit on combustion temperature in any given case. For that reason, in this 
thesis, the limiting temperature will be the stator outlet temperature (driven by the 
rotor metal temperature & cooling technology), instead of the combustor discharge 
temperature. Nevertheless, both can be related using the cooling of the stator. 
5.2.2. EFFECTS OF COOLING FLOVV ON CYCLE EFFICIENCYAND POWER. 
The correct simulation of the cooling flows is essential for accurate prediction of 
efficiency and power. When designing a new machine, the number of turbine stages, 
loading coefficient, desired metal temperatures depending on the turbine materials and 
technology (conventional casting, directionally solidified, single crystal), fuel to be 
employed, time between overhauls, life, cost, etc., must be defimed. Then, blade 
cooling technology will estimate the mass flow necessary to obtain these metal 
temperatures. depending on the available state-of-the-art and considering possible 
limitations, such as the feasibility in the manufacturing process, considerations in the 
To reduce the cooling flow requirements. improving the cycle efficiency. it is possible to reduce 
the degree of reaction, decreasing the total temperature relative to the rotor. However, to maintain 
an acceptable aerodynamic behaviour, the average value must be above 0.4-0.42. 
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holes size, etc. Just as an example of the effect of the cooling flows in the power 
output and thermal efficiency, the following different power plant arrangements, with 
a design point SOT of 1200"C, were studied at both, design and off-design: 
9 Simple open cycle gas turbine. 
" Simple semi-closed cycle gas turbine. 
" Combined plant with a simple gas turbine as topping cycle. 
" Combined plant with a simple semi-closed gas turbine as topping cycle. 
The systems are considered: 
With the adequate cooling flows 
With no cooling flow at all 
In figures 5.5 to 5.12, the differences in thermal efficiency and power output are 
shown for an open and a semi-closed cycle running line in both simple and combined 
cycle arrangement. 
6 For example. if the fuel employed produces solid particles, very small cooling holes can be a 
problem. The solid deposits could block the cooling exits. with the consequent increase in metal 
temperature, that can destroy the turbine. On the other hand, adequate size of these holes can 
avoid erosion, due to the formation of a protective fluid layer. 
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Figure 5A Simple semi-closed cycle power output with and without cooUngflows 
(running linefrom 1200*C down to 900*Q 
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Figure 5.9. Combined open cycle thermal eBkiency with and without coolingflows 
(running linefrom 1200*C down to 900*Q 
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Figure 5.10. Combined open cycle steam turbine power with andwithout coohngflows 
(running linefrom 1200*Cdown to 900*Q 
BLADE COOLIA G MODELING IN GTSI PERFORMANCE CODE 
5.11 
THER&W EFRCIFJVC Y OF A COMBINED C02 SfMf- CL OSED C YCLE 
0.55 
0.5 
0.45 
0.4 
IRK z 
PC wi * i-t 
0.3 
0.25 - 
1100 1150 1200 1250 1300 1350 1400 1450 1500 
SOTOO 
Figure 5.11. Combined semi-closed cycle thermal efficiency with and without cooUngjZows 
(running linefrom 1200*C down to 900*Q 
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Figure 5.12. Combined sentleclaied cycle steam turbine power with and without cooUngflows 
(running Une from 1200*C down to 900*Q 
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5.3. ESTIMATION OF THE COOLING FLOWS IN A TURBINE 
WITH PRESCRIBED NUMBER OF STAGES 
If the number of stages is known, the basic assumptions for the estimation of the 
cooling flows will be the even distribution of enthalpy drop and the pressure ratio 
across the stages of the turbine. This is not necessarily true, specially if the turbine is 
the low pressure one. However, as this is not as hot as the high pressure turbine, the 
impact over the cooling flows will be small. 
The pressure ratio per stage will be calculated using the following simplified 
expression. 
I 
NAW 
ýý4-j [5.5] 
(-p43 
The total temperature of the stators will be: 
T4 N-19 [5.61 
(9119) yiý, 
--4 
And for the rotors, with a 50% degree of reaction: 
M) yRT :.., _(, 
dHg)IRT 
T Ti' --i [5.71 yR T2 Cp Ng yRT Xp 
The value of Cp will be evaluated as an average between the entry and exit of the 
turbine and AH,,, will be: 
T-. 
f CpdT w ZýPAT,, g 
[5.81 
T. d 
introducing this result in the rotor temperature equation: 
AT's 
[5.91 
2 
When the turbine has several stages the stator and rotor temperature at the entry 
of each one must be obtained. The temperature drop AT,, g will be very different for a turbine operating with air and another operating with helium. Hence, it will be more 
convenient to use AH,, g, which can be estimated using two main aerodynamic 
parameters: blade tangential speed U, and turbine stage loading coefficient IF. 
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AH = VV2 [5.10] stg 
Depending on the technology and type of turbine different values of W will be 
employed. Typical ranges are: 
0.7-1.4: Low loading 
1.4-2.1: Mid loading 
2.1-2.8: High loading 
2.8-3.5: Very high loading 
The value of U is usually determined by a combination of aerodynamic (Mach 
number) and mechanical (stress) constraints and, in most cases, is limited by the 
compressor design group. However, in gases such as helium, with an extremely large 
speed of sound, only the mechanical limits will be considered. For conventional gases 
a value of 0.4-0.7 of the speed of sound can be employed. 
With the stator and rotor temperatures it will be easy to find the cooling 
effectiveness that corresponds to the selected technology. 
stator 
- 
Tmelal 
Ei 
stator 
=I stator T 
[5.111 
T, 3 
rotor - 
Tmetal 
rotor T, 
rotor T 
[5.121 
In the early versions of the programme, the metal temperature of the stators for 
all the stages of the same turbine were the same. Identically for the rotors, where the 
user was able to specify a single temperature value. However, in real gas turbines, the 
rotor and stator metal temperature will not be necessary the same for all the stages, so 
the latest version has the possibility of selecting a different temperature for each blade 
or vane row. 
The previous method has several simplifications that will be difficult to accept by 
a cooling specialist, although for performance calculations the results obtained are 
satisfactory. During the validation process, nine open cycle industrial gas turbine 
were simulated, and the values calculated by GTSI for the total cooling flows agreed 
within 10% with the real figures (differences of the order of 1% to 2% of core flow 
employed for cooling). 
If, instead of the number of stages, the approximate pressure ratio per stage is 
given, the are calculated by and iterative method, and the process will be the same. 
If the stage loading and blade speed are given, the number of stages can be easily 
calculated employing equation [5.101 to determine the enthalpy drop per stage. 
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5.4. SIMULATION OF TURBINE COOLING FLOWS IN A SINGLE 
STAGE TURBINE 
Single stage turbines are becoming very frequent in advanced aero-engines, 
therefore in aeroderivative industrial machines, due to cost, weight and size reduction 
requirements. Furthermore, the stator of the LPT in a two shaft machine is sometimes 
eliminated with the introduction of counter-rotating turbines (the rotor of the HPT 
acts also as the stator of the LPT). 
The most important turbine parameters for cycle definition and for the control of 
the machine, that will be strongly influenced by the cooling bleed modeling are: 
W, 1-T 
AP 
Non dimensional mass flow at NGV throat 
NGV 7hrmt 
Rotor Entry Temperature at rotor entry / stator exit (SOT) 
Rotor Exit Temperature at rotor exit or turbine outlet temperature (TOT) 
N 
VTIRotorEntry Non dimensional speed at rotor entry 
AH1 
Turbine Specific power supplied by the turbine. 
As mentioned in chapter 2, the non-dimensional mass flow at the NGV throat, 
non-dimensional speed at rotor entry and power supplied, shown above, are not 
rigorous. For cycles operating with a single gas or where the thermodynamic 
conditions do not change largely from the reference values, these are accurate 
enough. When the turbine is able to operate with different gases, or changing from 
cold to hot conditions, it is absolutely necessary to employ the following expressions: 
I 
W, f T- 1+ )L- I m2 
2(y-1) 
[5.131 
AP2) 
T+ 
NGV Yhrm 
M2 N 
F1+ lL2--l 
[5.141 V-, yR-T 
Rotor Entry 
-AH 
(1+ 7-1 M2 [5.151 
, yRT ý2) RolorEwry 
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However, the Mach number term in the non dimensional mass flow, speed and 
power, introduces only small corrections. These, in most cases, can be neglected, 
giving the final equations: 
Wf T 
[5.16] 
A 
AP 
F7 INGV 
7hroa 
N 
J-RT 
I 
Rotor Entry 
[5.171 
AH I 
Jzojor Entry 
[5.181 
, yRT 
The mass flow and total temperature at the NGV throat are influenced by the 
cooling flow introduced before this station, specially at the leading edge. The ratio of 
specific heats and the gas constant are also affected, although the effect is smaller. A 
similar analysis can be done for the corrected speed, SOT and corrected power 
supplied by the turbine, where the cooling flow introduced through the vanes, before 
and after the throat, modifies the mass flow, temperature, enthalpy, 7, R, etc., at the 
entry of the rotor. The rotor cooling flow will not contribute to the turbine work, 
although it will decrease the turbine outlet temperature. 
5.4-1. COOLING ARRANGEMENT 
There are three different cooling flows considered in the programme for a single 
stage turbine, as shown in figure 5.13: 
The first one, WBleed, cools the NGV, and enters before the throat of the stator. 
The second, W2B'eed, also cools the NGV, and enters after the throat of the stator. 
e The third one, Wped, cools the rotor, and enters after the rotor. 
There will be other flows that are used to cool the platforms, discs, etc., and 
enter in different parts of the hot section. These flows can be considered at the design 
stage, and the method will be explained later. 
The reason to have these three main cooling flows in each stage is clear. The 
NGV leading and trailing edges require a great amount of cooling, because the heat 
transfer coefficient is higher in those regions that in the rest of the blade. Also, in the 
high pressure turbine first NGV, an important amount of radiation heat comes from 
the combustion chamber, making even more difficult the cooling of the leading edge 
and pressure surface of the aerofoil. 
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As the mass flow through the turbine is, in most cases, controlled by the NGV 
throat, usually choked, the correct account of the cooling flow before this section is 
critical. The sum of the mass flows leaving the stator has also a substantial effect in 
the cycle calculation, because these flows contribute effectively to the work done over 
the rotor, while the rotor cooling flows do not make significant work over this stage, 
but they will do over the following ones. 
4 
FLOW 
W, Bleed 
'A 
stator exit 
rotor entry, 
Figure 5.13. Single stage turbine coolingflows 
W3 Bleed 
From the performance point of view, a good approximation is to consider 
constant thermodynamic properties at the entry of each station. This will assume 
complete mixing between the cooling flows and the main stream before entering the 
next engine station downstream. 
The actual physical process is very different. The radial and circumferential 
temperature profile at the combustor exit is not uniform, due to the presence of the 
burners, the dilution and cooling air injection at the combustion chamber walls and, in 
a less extend due to the heat transfer with the structure. 7 Figure 5.14 shows an 
example of temperature profile at the combustor exit. The conditions entering the 
rotor will also have strong gradients spanwise. 
NOTATING 
SLAM 
42 
, rotor exit 
The NGVs cooling flows will be tailored to those profiles, that can be predicted from previous 
experiments and analytical models. These cooling flows do not produce the same amount of work 
that an equivalent mass flow coming from the combustor or from a previous stage would produce. 
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Figure 5.14. Radial temperature profile at the combustor exit, with minimum, average and maximum 
circumferential values 
Employing the continuity, energy and gas model equations it is possible to find 
the mass flow, enthalpy, temperature, specific heats, etc. for each engine station. The 
influence of cooling bleeds on total pressure is not considered, assuming constant total 
pressure. For the case of a HPT the system will be: 
w =w +wBleed 405 41 [5.191 
P405 = P4 [5.201 
W+ WBIeedHBleed 
H4,5 
AII- 
[5.211 
WBleed W4 +I 
- The same procedure will be applied for the other stations where cooling flows, 
W2B'eed and Wped are injected. 
First HPT stage NGVs/Rotors with over 10% cooling flow are not uncommon. 
Therefore, errors of the order of 5% in turbine capacity and over 50 K in SOT could 
be introduced if a simplified method was employed. 
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5.4.2. COMPRESSOR BLEED POINTS 
The cooling bleed location in the compressor depends on the pressure of the 
station where the flow will be injected and the pressure losses between the extraction 
and the injection points. For the high pressure turbine the flow is taken from the 
compressor exit, bypassing the combustion chamber, because the pressure at the first 
stage of the HPT is just slightly lower than the compressor discharge one. A 
simplification introduced in the programme assumes that for each turbine there is a 
unique extraction point. This is not necessarily true because, for example, the 
pressure in the second stage of a two stages HP turbine will be considerably lower 
than in the first one. Hence, the air could be bled from a compressor point with lower 
pressure. However, in order to simplify the design and, also, in some cases, due to 
manufacturing problems, ' the assumption of one bleed point per turbine has been 
maintained. The errors introduced by this simplification will be small. 
2 SHAFT + FREE POWER TURBINE INDUSTRIAL GAS TURBINE 
Irr 
Figure 5.15. Coolingflow arrangementfor a two spool - three shaft gas turbine 
At the early stages of a project it is not usual to have details from each separate 
stage of the turbines. Therefore, it will not be possible to make a good estimation of 
the compressor bleed extraction point. 
An easy method for estimating the position of the LPT cooling -bleed 
in the 
compressor is based on the fact that the turbines are choked during normal operation. 
Hence, turbine pressure ratio will be constant, as well as non-dimensional mass flow. 
In the case of a two stage HPT, with a stage pressure ratio of 1.8, and with a compressor pressure 
ratio per stage of 1.4, it is easy to find that the cooling flow for the second turbine stage would be 
taken from the penultimate compressor stage. 7le difficulty to extract the flow from this stage, 
due to the small size of the last stages, together with the extra weight introduced by the additional 
ducts, seals, etc., can favor the solution of taking the complete turbine cooling flow from the 
compressor discharge. 
BLADE COOLING MODELING IN GTSI PERFORMANCE CODE 
5.19 
W405 J405 
K [5.221 P405 
W455 FT 
P455 
155 K2 [5.231 
The capacity of both turbines will be initially estimated using a simplified cycle. 
The efficiency of the high pressure turbine can be found (if not given) with the 
following equation: 
_(T 
45) 
7741 = 
AH T4 
Y, - [5.241 
Y., 
P45 
P4 
Using the non dimensional mass flow at the HPT, and neglecting that the cooling 
flows are introduced at different stages (before and after the throat, etc. ), the 
following expression can be derived: 
W405 J405 W455 
-IfT455 
P455 [T405 W405 
= 
W455 J455 P455 T405 1 
405 
F ( 
W, BLEED [5.25] P405 P451 P405 VT455 W455 P455 P405 T 
455 
T455 
55 
W455 
Employing the adiabatic efficiency definition, the previous equation can be 
simplified, eliminating the temperature ratio: 
W405 J405 
= 
JV455 VT455 P455 
1141 
P405 
+](]_Wlll) [5.26] P405 P455 P405 
rl 
P455 W455 
Introducing the constant turbine capacity, the combustion chamber pressure losses 
and safety factors for the bleed pressure (accounting for the injection pressure ratio, 
losses across the seals and metering holes, transient effects, lower pressure in the 
compressor boundary layer, etc. ) the final equation will be: 
Y4 w 
K, =K2 
P255' 
F1741 
7r., ) pi 
-1 +1 1_ 
BLEED [5.27) (I 
- acc 
) pi (1 P255 W453 
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If the amount of cooling bleed and the rest of the variables are known, the 
pressure P05 can be easily found. 
This method will provide an acceptable estimation of the compressor bleed point, 
although it will be essential to cover the complete turbine operating range to ensure 
that the hot air ingestion risk has been minimised. 
5.5 COOLING FLOWMODELING IN MULTI-STAGE TURBINE 
In commercial aero-engines and industrial machines the most common situation is 
to have turbines with more than one stage (figure 5.16). In those cases the turbine is 
considered as the first NGV plus a black box representing the rest of the component. 
The cooling flow simulation method described. in the previous section (one cooling 
flow injected before the first NGV throat, other after the NGV throat and a final one 
after the final rotor) does not reproduce the real engine behaviour, although the maps 
can be adequately modified to give the power, efficiency and mass flow. 
STATIONAtY 
VANES 
NGV throat 
i-N 
Throat 
FLOW 
wlj 
stator exit 
rotor entry 
Bleed ýJ 
Bleed L 
Figure 5.16. Scheme of the multi-stage turbine cooling bleeds (HPT) 
The most intuitive approach will be to consider the multi-stage turbine as 
sequence of stages rotating at the same speed. In this situation the single-stage turbine 
method will be applicable. However, to follow this procedure it will be necessary to 
R07ATING 
SLADES 
,, rotor exit 
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have the performance data of each stage separately, which is not very common. For 
most cases only the performance of the whole turbine is available, and this will be the 
scenario considered in the study. 
The main performance parameters in single and multi-stage turbines are the same: 
non-dimensional mass flow at the throat of the first NGV, total temperature at the 
entry of the first rotor, turbine outlet temperature, turbine power, corrected speed,... 
., ý The first target is the calculation of the number of turbine stages (if not specified 
by the user). As anticipated in the section devoted to the estimation of cooling 
requirements, with the stage loading and the tangential speed it is possible to find the 
enthalpy drop per stage. If the complete turbine enthalpy drop is known from the 
compressor and/or power output requirements, it will be simple to derive the number 
of stages. 
Once the number of stages and the cooling flows necessary for each row are 
calculated, SOT, first NGV non-dimensional mass flow and corrected speed are found 
using the cooling results for the first stage. 
To obtain the mass flow, temperature and enthalpy for the evaluation of the 
power of the turbine and, later, the exit temperature, an average considering all the 
cooling flows should be employed. 
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The average mass flow (WA) for turbine power calculations will then be: 
ffýAll = 
(W Bked + wBIeed Bleed Bked + wBked 4 +jV +E(W I jj- -i 
+1) 
v 2.1 
)N,, 
g , 
+Wj 2J 
)(N.,, 
g 
i=2 [5.281 
NI'S 
and the average enthalpy (HA) at the entry of the turbine will be: 
+ TvBked Bleed + WBked IjBked (W, 
I ,, 
H, H )N,, g + .1 Id 2,1 2.1 
N., (WBIeed Bleed + WBIeed Bleed 
ju-j H, 
HjAj + ji-I ji (N,, 
g -1+ 
1) 
Bleed Bleed 
HAY L 
i-2 +WL H2j 
N,, 
gWAv 
J [5.291 
One of the main assumptions to derive these expressions is that all the stages of 
the turbine perform the same non-dimensional work. If the information of the work 
done by each stage is available it can be employed, giving equations [5.30] and 
[5.311: 
NIM 
4+ 
wBIeed + wBIeed) + E(WBked + wBIeed + WB I =W 
(w ked ki 
4, .12.1 J -1 IJ 
2J [5.301 
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-(W 
4H., 
+ wBleed Bleed + WBIeed Bleed 
Ij HH 
)+ 
Ij 2.1 2J 
N., 
+E(wBIe; dHBIeed + WBIeed Bleed Bleed Bleed 
J_l jj jH+W. H -1 j 1.1 
2J 2) 
k/ 
HA, 1=2 [5.311 WA, 
where is the work done by the stages from i to N,, g relative to the turbine work: 
N-0 [PHj 
[5.32] 
AH.,, 6. j., 
Therefore, the cooling flow that contributes to the useftil work will be: 
N" 
OvBlted 
+wBked)N.,, 
g 
+E(WBked +WBleed +WBleed I .12.1 3j 
)(N,, 
g -1 li 2) 
WBleed 1-2 
Av N119 
[5.331 
NOR 
Bleed (TvBked + wBIeed) +1: 
(WBIeed 
+ WBIeed + WBked [5.341 TVA", I., li 2.1 
ýi 
Once the enthalpy drop has been calculated employing the appropriate equation 
(work balance, exit pressure, component characteristics, ... ) the remaining cooling flows, that do not make work, must be introduced. 
The flow and enthalpy that enters the turbine are: 
Jv 
Jv ", (wBleed 
+ WBJeed + WBIeed) [5.351 TV 4+E 1 2,1 
+ Bleed Bleed +WBIeedHBleed) dH 3.1 j 
H4 ýIee + W. BleedH jj 
W4 f(W 
11 21 2J 
Hm = [5.361 Wi. 
The flow and enthalpy already introduced are W Bleed and H Bleed . Hence, the AV AV difference between Win and WAVBleed for the mass flow and between Hin and HAvBleed 
for the enthalpy are still to be injected into the main stream. 
Special attention should be paid to the flows injected at the hub or tip region, 
characteristic of either internal vane/blade cooling, platform or casing cooling. Hot 
air ingestion between rows must also be contemplated in this study. 
The flows injected at hub or tip region will only produce useful work in the 
stages downstream. 
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* The hot air ingestion will be considered as a negative cooling flow. 
With the method described in this section it is possible to perform the cooling 
bleed simulation in the turbine, with a high degree of accuracy, when only the 
complete turbine performance characteristics are known. Figure 5.17 shows the 
improvement in the performance calculations employing this technique. Of course, if 
detailed stage data are available the method for the single stage turbine would be 
applied. 
PROGRESS IN PERFORMANCE CAL CULA TION DUE TO IMPROVED COOLING 
MODEL 
2 
Single stage approx. 
1.6 Multi-stage method. 
1.2 
0.8 
CA § 0.4 
0 
Thermal Efficiency Power Output Exit Temperature 
Figure 5.17. Performance deviation from engine data for a4 stage turbine with single stage 
approximation and multi-stage method. 
5.6. SENSITIVITY ANALYSIS 
As previously stated, the effect of the cooling bleeds on the performance of the 
machine is not negligible. To evaluate this influence three cases have been studied, 
employing both, simple and combined cycles: 
Increase of 100 K in vanes and blades allowable metal temperature (full coverage 
film cooling employed), resulting in a reduction in cooling bleed flow, and 
consequently an improvement in performance. 
Change of cooling bleed method from convection, impingement & slot to full 
coverage film cooling, that again will cause an important decrease in turbine 
cooling flow, therefore a performance gain. 
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Increase of 100 K in TET. The direct consequence is an improvement in 
performance, but the increase in cooling flow will reduce this effect. 
For these simulations, a baseline gas turbine with a TET of 130011C, vane and 
blade metal temperatures of 1100 K and 1075 K respectively, turbine tangential 
velocity of 375 m/s, stage loading coefficient of 1.9, and compressor and turbine 
polytropic efficiency of 0.89 and 0.87, has been employed. The steam turbine is of a 
single pressure type, with a polytropic efficiency of 0.85, and pressure optimised to 
give the highest combined cycle thermal efficiency. 
The performance changes will be shown in terms of: 
" Simple cycle thermal efficiency (%), fig. 5.18,5.21 and 5.24. 
" Combined cycle thermal efficiency (%), fig. 5.18,5.21 and 5.24. 
" Simple cycle power output (kW/kg/s) , fig. 5.19,5.22 and 5.25. 
" Combined cycle power output (kW/kg/s) , fig. 5.19,5.22 and 5.25. 
" Turbine cooling flow (% of core flow) , fig. 5.20,5.23 and 5.26. 
Figures 5.18 to 5.21 show the important performance variation of increasing the 
metal temperature in 100 K. The kink points in the combined cycle thermal efficiency 
and specific power output are caused by the change in bottoming cycle behaviour. For 
pressure ratios lower than 21-22 the gas turbine exit temperature is large enough to 
achieve the maximum steam turbine temperature, established at 540"C, with a 
temperature difference between gas turbine and steam turbine of 4011C. When the 
pressure ratio increases above 22 the exit temperature is not able to heat the steam up 
to the maximum temperature and starts to decrease. 
Figures 5.21 to 5.23 show the changes of upgrading the cooling system from 
convection, impingement and slot to advanced full coverage film cooling. As in the 
previous case there is a kink point in the combined cycle thermal efficiency and 
specific power output, and the explanation is also the same. The performance 
improvements are of the same order that the ones achieved with the 100 K increase in 
metal temperature, with very significant gains in efficiency and power output for 
both, simple and combined cycles. 
Figures 5.24 to 5.26 give the effect of increasing the TET in 100 K, with no 
variation in the allowable metal temperature of cooling method. The improvement in 
performance is now lower, especially for the simple cycle thermal efficiency, due to 
the increase in cooling flow, that offsets the gains caused by the 100 K rise in TET. 
The larger exit temperature has a considerable effect over the bottoming cycle. 
Hence, the combined cycle efficiency and, specially, the power output still have an 
important growth. The kink point in combined cycle thermal efficiency and specific 
power output is present as well in these figures. 
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Figure 5.18. Increase in simple & combined cycle thermal efficiency for a 100 K increase 
in allowable metal temperature (%) 
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Figure 5.19. Increase in simple & combined cycle specific power outputfor a 100 K increase 
in allowable metal temperature (kWlkglf) 
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DECREASE IN TURBINE COOLING BLEED 
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Figure 5.20. Decrease in gas turbine coolingflowfor a 100 K increase 
in allowable metal temperature (% of coreflow) 
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Figure 5.21. Increase in simple & combined cycle thermal efflciencyfor the upgrade 
in coolingflow method Me) 
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Figure 5.23. Decrease in gas turbine cooling flow for the upgrade 
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Figure 5.24. Increase in simple & combined cycle thermal efficiencyfor a 100 K increase 
in turbine enfty temperature (%) 
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Figure S. 2S. Increase in simple & combined cycle specific power outputfor a 100 K increase 
in turbine entry temperature (kWlkgls) 
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Figure 5.26. Increase in gas turbine coolingflow for a 100 K increase 
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S. 7. ADVANCED COOLING METHODS 
The benefit of reducing the cooling mass flow has been demonstrated in this 
chapter. Hence, several methods should be considered in order to increase the 
performance of the gas turbine. Four solutions will be described here: 
Steam blade cooling, refs. [33], [107] and [109]. 
Reduction in the cooling mass flow temperature using a heat exchanger with the 
Steam turbine water as coolant. 
Reduction in the cooling mass flow temperature using a gas turbine precooling 
with the nitrogen coming from the oxygen separation (for semi-closed cycles). 
Use of the nitrogen coming from the oxygen separation for internal blade cooling 
(for semi-closed cycles). 
S. 7.1. STEAM BLADE COOLING 
The possibility of, using steam for blade cooling is not new, Thermal stress 
problems together with corrosion problems, have postponed its implementation in 
production units. However, the improved knowledge of blade cooling technology, 
temperature transients, thermal stresses, etc., have made this idea feasible. Some GE 
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production models already have steam vane/blade cooling and, in the near future, it is 
expected than many advanced gas turbines will have this system. 
There are two very interesting arrangements of steam blade cooling: the first one 
consists on using it as multipassages internal cooling only, while in the second the 
steam is injected in the gas turbine after the internal cooling. In both cases the heat 
rejected by the blades is recovered by the complete cycle, either in the gas turbine or 
in the steam turbine. 
For simulation purposes, internal blade cooling requires the integration of the 
performance of both machines, not just by the HRSG, but by the calculation of the 
steam mass flow required and heat rejected by the blades. The amount of steam will 
not be negligible. Although the steam specific heat is considerably larger than that for 
air, and only the NGVs will be steam cooled, two figures must be born in mind for 
advanced gas turbines: the typical ratio of steam to air inlet mass flow in a combined 
cycle is of the order of 0.15-0.20 and the ratio of total cooling (NGVs & rotors) to air 
inlet mass flow is also of the order of 0.15-0.20. The increase in steam temperature 
will act as a reheater for the bottoming cycle (if the steam is not mixed with the 
mainstream). 
In the case of mixing the steam and the main stream, the gas turbine will behave 
as a steam injection machine, and the mass flows, pressures and temperatures must be 
determined at each station in order to accommodate the excess mass flow coming 
from the NGVs cooling. 
Due to the inherent complexity of these methods and the potential reduction in 
reliability & availability of the power plant, implementation should be carefully 
assessed. Probably, its use in the HPT is well justified by the performance 
improvement, but in the LPT, where the temperatures can be considerably lower, a 
new cooling system is less beneficial. 
S. 7.2. REDUCTION IN COOLING MASS FLOW TEMPERATURE 
The temperature of the mass flow used for blade cooling can decrease using 
several systems. For example, the Russian aeroengine Saturn Lyulka AL31-F employs 
a heat exchanger, where the hot side is the cooling air and the cold side is the bypass 
air. This system allows the engine to reduce the cooling mass flow by 40%. 
In the case of the industrial gas turbines fitted with steam turbines, the cold water 
could be used to reduce drastically the temperature of the cooling air. Hence the mass 
flow requirement will decrease and the heat rejected will revert into the steam cycle, 
minimising the first law losses. 
This system can be easily applied to part of the HPT and LPT cooling air, bled 
from the compressor and directed to the turbine'shroud through external pipes, and 
not to the cooling flow that goes through the internal system and cools the discs and 
turbine hub. 
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The semi-closed cycle has several characteristics that can be employed to increase 
its low thermal efficiency. The low calorific value fuel is burnt with pure oxygen (or 
a mixture of 95 % oxygen and 5% argon) coming from the air separation process, that 
requires around 0.86 MW/kg 02. This takes place at a temperature below the critical 
temperature of the gas (154.4 K for the oxygen, 133 K for the air and 126.2 K for the 
nitrogen). The remaining mass flow of nitrogen, almost four times larger than the 
oxygen, can be employed to cool the compressor inlet flow. Also, due to the special 
characteristics of this plant, the total oxygen required is around 50% larger than the 
one employed in the gas turbine. ' Nitrogen to engine inlet mass flow ratios of the 
order of 10 to 30%, depending on the pressure ratio and TET, may apply. 
After the conventional precooler the carbon dioxide/argon is at 300 K 
approximately. However, a further reduction is possible using an additional cryogenic 
precooler. A preliminary study will show that a decrease of 50-110 K, depending on 
the nitrogen mass flow available, is feasible using the state-of-the-art technology. " 
The nitrogen employed in the heat exchanger can be used afterwards to cool the 
turbine stators. The application of this system, together with the cryogenic precooler 
will improve efficiency and power output. In addition, the blade cooling detrimental 
effect on cycle thermal efficiency is larger in the semi-closed cycles, where the higher 
carbon dioxide temperatures in the LPT require considerable cooling flows. Hence, 
its use in both, HPT and LPT, will be justified by the performance benefit. 
Appendices I and 11 show the variation in thermal efficiency, power output, etc. 
for two simple semi-closed cycle gas turbines, with SOT=1200"C and 1377"C 
respectively. Differences between the cryogenic precooling and the standard cycles 
(pp. Li to Liii and IM to II. iii), between the cryogenic precooling with NGV internal 
cooling and the standard cycles (pp. Liv to Lvi and ILiv to II. vi) and between the 
cryogenic precooling with NGV internal cooling and the cryogenic precooling cycles 
(pp. Lvii to Lix and II. vii to Mix) are presented. 
Ile generation of low calorific value gas fuel is the responsible for this additional requirement of 
oxygen. 
10 There is no phase change in the carbon dioxide, entering and leaving the heat exchanger in gas 
phase. If the cryogenic nitrogen is to be employed, a more sophisticated system should be used, as 
it will enter the precooler in liquid phase and leave in gaseous form. 
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6.1. INTRODUCTION 
The importance of performance codes for project decisions has been outlined in 
different chapters of this thesis. These programmes must inspire a great degree of 
confidence. This is possible after a complete validation process, where discrepancies 
between different codes and between test results and code predictions are examined. 
Very limited engine test results were available to the author at the present time. 
Therefore, despite the interest of carrying out such activity, this task has not been 
completely performed. Nevertheless the code has been checked against the results 
given by other performance codes and some engine results. 
When compared with other codes the differences have been negligible, provided 
the engine model was the same. 
When compared with engine, performance data, it was very frequent to make 
assumptions, as only in a very few situations the complete engine model was 
available. ' Control of the machine, real component maps, detailed interstage cooling 
data, thermodynamic modeling, fuel composition, exact component performance and 
corrections, etc. must be, sometimes, guessed. 
To overcome one of the most common problems, the lack of turbomachinery 
maps, a suite of characteristics is available inside the code: 2 
Compressor with a high pressure ratio per stage 
Compressor with a moderate pressure ratio per stage 
Single stage turbine with high pressure ratio per stage 
Multi stage turbine with moderate pressure ratio per stage 
These ones will be scaled adequately to match the required design point. 
6.2. CYCLES SELECTED 
To carry out a representative validation several engines were considered: 
Single spool - single shaft (both heavy duty and aeroderivative) 
Single spool - single shaft closed cycle regenerated gas turbine, operating with 
helium (only design point available) 
Strictly, only one of the cases used for the validation process was completely defined. However 
the deficiencies in some models were very small: fuel exact composition, shaft losses, etc. 
Assuming default values and matching other data these parameters were obtained. 
If available,. additional compressor and turbine maps can be easily introduced in GTSL 
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* Single spool - double shaft 
Double spool - triple shaft (only design point available) 
Double spool - double shaft with evaporative cooler and reheat (only design point 
available) 
Single spool - double shaft with steam injection (only design point available) 
A detailed description of each case is done in the next sections. 
As can be inferred from the engine listed above, detailed information from closed 
and semi-closed cycle gas turbines is either not available or incomplete. Therefore, 
open cycle data will be used for most of the validation process. 
6.2.1. SINGLE SPOOL-SINGLE SHAFT GAS TURBINE 
For the aeroderivative case (a machine producing over 20 MW at max. 
continuous power) component maps, design point pressure temperatures and mass 
flow at entry and exit of each module as well as the basic performance data for a 
complete running line were available. The control of the machine (including anti- 
surge bleed at low pressure ratios) and detailed description of the cooling flows was 
not obtained. 
For the heavy duty (a machine generating over 100 MW at max. continuous 
power) the design point thermodynamic parameters and component efficiencies, 
together with a complete off-design running line, were the data used for the code 
validation. 
The design point performance of both engines has a great degree of confidence. 
Therefore, the generation of models which give a good matching at that condition 
were the initial target, successfully fulfill. 
The results obtained for the running line of the heavy duty machine were 
excellent, with relative differences below 0.5%, while those for the aeroderivative gas 
turbine were not so good, with important discrepancies at part power conditions. 
These are presented in figures 6.1 to 6.3.3 The larger mass flow obtained in the 
simulation for power conditions lower than 60-70%, together with the lower exit 
temperature are, probably, due to the opening of anti-surge compressor interstage 
valves. 
A non-dimensional presentation has been selected to preserve the confidentiality of the base-line 
data. 
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Figure 6.3. One spool - one shaft exit temperature prediction for a complete operating line 
6.2.2. SINGLE SPOOL-SINGLE SHAFT CLOSED CYCLE REGENERATED GAS 
TURBINE 
For the closed cycle regenerated gas turbine operating with helium only the 
design point performance data have been obtained: inlet mass flow, pressure losses, 
turbomachinery efficiencies and regenerator effectiveness, pressures and temperatures 
at main component inlet and exit planes were available. Despite the absence of proper 
validation results, this cycle will be used to check the handling of a non-conventional 
working fluid. In the simulation, the errors obtained in pressures, temperatures, mass 
flows, thermal efficiency and power were well below 0.01 %. The reason for such a 
good matching lies in the absence of cooling flows, the constant C. and y of the gas 
and the simple modeling of the heat addition. 
6.2.3. SINGLE SPOOL-DOUBLE SHAFT GAS TURBINE 
As in the single spool-single shaft arrangement case, the data available is good 
enough for a proper performance check. For an aeroderivative turbine producing less 
than 10 MW, component characteristics, detailed controlled laws as well as 
thermodynamic conditions at each engine station were provided. Complete cooling 
flow details were not available. 
The results are shown in the figures 6.4 to 6.6, showing an excellent agreement 
between the data and the code predictions. 
Predicted Exit Temperature 
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Figure 6.6. One spool - two shaft exit temperature prediction for a complete operating line 
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Figure 6.7. One spool - two shaft inter-turbine temperature prediction for a complete operating line 
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For this machine, an aeroderivative gas turbine producing over 20 MW at base 
load condition, only design point information was available (component efficiencies, 
fuel flow, power output and mass flow, pressure & temperature at different engine 
stations). The cooling scheme was given in great detail, with inter-turbine injection 
mass flows. 
For the design point simulation, inlet mass flow, low and high compressor 
efficiency and pressure ratio, fuel flow, high and low pressure turbine efficiency and 
power output were used as data, while the free power turbine efficiency was modified 
to obtain the required power & exit pressure. 
The results have been excellent, as shown in figure 6.8. The maximum 
discrepancy, lower than 0.1%, takes place in the high pressure turbine inlet 
temperature. 
DOUBLE SPOOL - TRIPLE SHAFT GAS TURBINE 
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Figure 6.8. Two spool - three shaft gas turbine: design point discrepancies 
6.2.5. DOUBLE SPOOL - DO&BLE SHAFT WITH EVAPORATIVE COOLER 
AND REHEAT 
The data available for this engine was coming from different papers describing 
the design point of the Japanese AGTJ IOOA & 100B [57], [90], [127]. The result of 
the simulation was excellent, with minor differences (of the order of 0.2%) in the hot 
Free power HP turbine Free power Free power 
turbine entry turbine exit turbine inlet 
efficiency temperature temperature temperature 
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section of the gas turbine due, probably, to the different thermodynamic properties of 
the combustion products, because the fuel was not completely specified. 
6.2.6. SINGLE SPOOL - DOUBLE SHAFT WITH STE4M INJECTION 
For this steam injected gas turbine, rated at a baseline power under 20 MW, only 
design point performance data were available. Some of the cooling and steam 
injection details were unavailable. To overcome this problem, values from similar 
machines were used. 
For the simulation, inlet mass flow, compressor efficiency and pressure ratio, 
fuel flow, high pressure turbine efficiency and power output were used as data, while 
the free power turbine efficiency was adjusted to obtain the required power & exit 
pressure. 
The result shows important discrepancies in the turbine efficiency, free power 
turbine exit temperature and steam mass flow. The larger steam mass flow is 
consequence of the larger exit temperature & mass flow, resulting in a lower turbine 
efficiency to match the power output. 
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Figure 6.9. One spool - two shaft steam injected gas turbine: design point discrepancies 
If the power was not the actual delivered by the free turbine (gross power), but 
the net power (without the auxiliaries), the matching is considerably better, with 
differences of the order of 0.1 %. 
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7.1. INTRODUCTION 
The first stage of a new cycle design includes the following tasks: 
Identification of the preliminary power plant arrangement. 
Establish the working fluid (not necessary in the open cycles) and fuel, or heat 
source in general. 
Assumption of the efficiencies and losses of the components. 
Definition of the limits of different parameters such as temperatures, shaft speeds, 
surge margins, pressures, Mach numbers, etc. 
Identification of critical areas and situations (risk assessment). 
Conditions of the fluid at the entry and exit of each module. 
Definition of the operational envelope. 
It is important to mention that these points are not in order of importance and, for 
example the use of a different working fluid can change the power plant arrangement 
completely, as well as the critical areas, etc. Also, some of the initial assumptions 
and/or calculations can change during the following phases of the design and 
development of the machine 
When the cycle has been selected, after an optimisation process, and considering 
all the areas involved in the development of a new machine, not only the 
performance, an off-design analysis is carried out in order to prove that the final 
choice is reasonable for all operating conditions. This is very important in aero- 
engines, because they experience a wide range of inlet conditions and throttle settings. 
But also for industrial gas turbines, where large load variations are expected. 
Transient analysis is also important in the industrial gas turbines, where starting 
and the time to achieve the full load condition of a peak/emergency machine can be 
crucial. The following situations are examples of the importance of the transients in 
the engine operation: 
" When the surge margin of a compressor is controlled by the casing cooling air, a 
sudden change in temperature can increase tip clearance for a few seconds, ' and 
surge can occur. 
" If the engine acceleration from idle or part load up to full power creates an over 
shoot in the SOT of 15-20 K during a few seconds, 2 the life of the engine can be 
sensibly reduced. 
The different thermal behaviour of the casing, blades and discs is the responsible of the transient 
variation of the tip clearance. For this reason the cooling air is employed to control this 
mechanism. 
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Overspeed protection during transients, as well as surge margin monitoring are 
critical. 
During normal operation, when the transient from the starting and low speed idle 
to full power takes some minutes, to allow heat soakage, 3 gas and metal temperatures 
follow the same path and almost no transient thermal stresses are present. Under those 
circumstances, the transient simulation becomes less critical. Of course, shafts 
acceleration and deceleration limits should be specified, employing conservative 
schedules. Nevertheless, the transient response to sudden lad changes is interesting, in 
order to evaluate the stability in the frequency of the electricity generator. Also, as a 
limit case, the complete lost of load (when the shaft that carries the load breaks, or 
the electricity generator is suddenly disengaged) is of great interest to calculate the 
resulting overspeed, and study the possibilities to alleviate the burst condition. Hence, 
the transient study is not only interesting but, in some cases, essential. 
Despite the discussions about the necessity of a detailed transient simulation, the 
off-design is always crucial. Some industrial machines will work at full power for 
over 8000 hours/year, while others will operate most of the time at part load. The 
operating conditions are also different depending on the period of the day, the season 
of the year or the geographic location. 4 
2 Around 10-20 seconds is enough for the heat transfer mechanism to increase the metal temperature 
of a blade. 
3 In the case of a civil aeroengine, the typical minimum acceleration time from idle to 95% of the 
power at SL is of the order of 5 seconds, increasing to around 10 seconds at cruise altitude. For 
deceleration at SL the time will be around 34 seconds, increasing to 8 seconds at altitude. In a 
combat aircraft engine the typical periods of time will be 3-5 seconds for the SL acceleration from 
idle to the Max-Dry conditions, with 1-2 additional second to achieve Max-Reheat. The time at 
high altitude will be dependent on the Mach number (inlet total pressure) as well, and will be 
typically between 6-12 seconds to reach the Max-Dry condition, with 24 additional seconds to 
reach the Max-Reheat. 
In a reheat industrial turbine, such as the AGTJ-IOOA/B or the Brown Boveri GT24/26, the time 
to achieve the Max-Reheat power will be slightly longer than in an aeroengine, where the reheat 
has no effect over the turbomachinery. 
The moment of inertia of an aeroderivative gas turbine rotor (around 1-5 kg m2 for a small 
machine and up to 50 kg m2 for a large one) is of the order of 10 to 100 times smaller than the 
moment of inertia of a large heavy duty industrial machine. Hence, acceleration periods of the 
order of 10 to 100 times longer are expected. 
Taking, for example, the gas turbines employed in the gas pipelines in the desert, the change in 
temperature from day to night can be more than 40 K, with the consequent variation in off-design 
performance (28 K decrease in the inlet temperature of a modem aero-derivative gas turbine, such 
as the LM-6000, leads to an increase of 30 % in power and 4.5 % in thermal efficiency [72]). 
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7be effect of changing the fuel. the possible introduction of steam injection for 
NO. control. growth capability with minimum core changes, etc. should be 
determined before a new machine is launched, to be able to give the appropriate 
assessment for each specific c=. 
In the next sections some of these aspects, common for most of the projects, and 
others specific for the semi-closed cycle., wifl be discussed. 
7.2. IVOMNG FLUID AND FUEL 
The working fluid in the semi-closed cycle will be: 
Before combustion: Carbon dioxide or a mixture of carbon dioxide and argon. If 
an evaporator cooler or steam injection were used, water vapor would be also 
present. 
After combustion: Carbon dioxide and water vapor or a mixture of carbon 
dioxide, argon and water vapor. depending on the oxidizer employed. 
The fuel composition has been given by other partners within the JOULE 11 
Project. and is given in the following table: 
TABLE 7.1: COMPOSIHON OF THE SEVI-CLOSED CYCLE FVEL 
. 
Gas Mass fraction Molar fraction 
Carbon monoxide CO 71.40% 63.83% 
---HYdrogen 
11z 1.62% 20.23% 
Carbon dioxide Co. 25.02% 14.23% 
--Alethane 
C11,, 0.23% 0.36% 
Sulphur S' 1.73% 1.34% 
Chlorine - 500 ppm 
In closed cycles it is Possible to select the working fluid considering different 
aspects. However. in a serni-closed cycle, the working fluid is imposed by the gas 
generated in the combustion process. If the oxidizer is pure oxygen, the products of a 
complete combustion %ill be carbon dioxide and water vapour, with a minimum 
content Of sulphur dioxide. If argon is present in the oxidizer, being an inert gas, it 
will be also present in the combustion products. 
This type of combustion constitutes a new area for the gas turbines, and will be 
treated in a deeper way in a following section dedicated to the critical areas. 
"OM Of the SWPI= shaild be removed before injection in the combustor in order to avoid 
corrosion in the turbine caused by the sulfur compounds. 
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Semi-closed cycles have not been seriously considered until this decade. The only 
reference the author his found (Harvey, Knoche and Richter, 1995, [54]) suggests a 
Power Plant where the fuel is pure methane, and the working fluid is a mixture of 
nitrogen, carbon dioxide and water. The cycle, shown in the next figure, proposes the 
reduction of combustion irrcvcrsibilities through off-gas recycling. Although the 
complexity involved in the design, development, control, normal operation and 
maintenance of a machine with three compressors, two intercoolers, one aftercooler, 
one combustion chamber. three turbines, two reheaters, one regenerator and two heat 
exchangers (one for the intercooler water and other one working as a precooler for the 
recycling gases) is scaring, the cycle itself is interesting to be considered for further 
rese=h, with some simplifications that will not have a large detrimental effect on the 
cff iciency. 
The cycle consists on the follouing processes: 
Combustion of part of the fuel with enough air to raise the temperature from 
1186 K up to 1533 K. 
2-3: Expansion from 20.6 bar do%%m to 7.5 bar. 
3-4: Reheat injecting additional air, rising the temperature up to 1533 K. 
4-5: Expansion from 7.5 do%%m to 2.7 bar. 
5-6: Reheat injecting additional air, rising the tempcrature up to 1533 K. 
6-7: Expansion from 2.7 dovm to I bar. 
7-8: Recuperator: the cold gas temperature increased to 1186 K, and the hot stream 
temperature reduced from 1267 do%m to 539 K. 
8-9: Gas-water heat exchanger. 
9-10: Prccoolcr. %ith 300 K as the final inlet temperature. 
10-11: Compression from I up to 2.7 bar. 
11-12: Evaporative intercooler. 
12-13: Compression from 2.7 up to 7.5 bar. 
13-14: Evaporative intercooler. 
14-15: compression from 7.5 up to 20.6 bar. 
15-16: Evaporative aftcrcooler. 
16-1: Cold side of the recuperator. 
7.5 
CAJZBO. VDIOXIDEIARGO. VSEIII-CLOSED CYCLE SIAIUL177ON 
1014 
10--4 1 
1.29 c024, 
9.69 N2 
3.11 FV) 
=6b, -1 IM 20 6 bar tz 
e9 1533 K 
539 K G) 
ell 
- 
lii! tl> 
81 
7-5 b- 
1.731 
7.5 bar 
1333 K 
2.7 bar 
L13 t O t & 
EDI 
L 
3-42&iwr 17 bar 
1333 K 
(D 9,52 A iwr 
G 
Cas Ex ust Liquid Exhaust OD 
I CO., + 7-52N, 1.7 H4) * 0.3 KO M7 K. I bar 
Figure 7.1. Semi closed cycle gas turbine with recycled exhausl gases 
7.3.1. ASPECTS TO BE CONSIDERED IN THE HARVEY et al. CYCLE 
The results obtained by Harvey et al. can not be accepted as representative of a 
real cycle, because the following losses have not been taken into account: 
Pressure losses in the intercooler-aftercooler (of the order of 1-2% each). 
Pressure losses in the rccuperator (of the order of 24% at each side). 
Pressure losses in the combustor and reheatcrs (of the order of 3-5% each). 
Pressure losses in the gas-water heat exchanger (of the order of 24%). 
Pressure losses in the precooler (of the order of 1-2%). 
Exhaust NPR to drive the flow (of the order of 1-2%) 
Blade cooling problems. With all the turbines subjected to a very high temperature 
this will become a key issue. The solution of using ceramic technology, with 
Potential temperatures up to 1675 K, is still unrealistic, specially for a land based 
continuous operation system, where the reliability is, in most cases, more 
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important than a small change in thermal efficiency. A fairly large amount of 
cooling should then be employed for the three turbines. 
Vitiation problem in the reheat system, specially at low pressure levels. The 
typical combustion efficiency value, 99.5-100%. is adequate for the conventional 
high pressure combustors. Reheat systems operating at high pressure after a lean 
combustor and burning far away from the stoichiometric mixtures will have 
efficiency figures of the same order. 6 In this case, where all the combustors are 
burning stoichiometrically from the oxygen point of view (all the fuel is injected 
before the first combustor and air is injected progressively), the problems will 
occur in both, combustion chamber and reheat systems. An efficiency drop 
between 1-5% is expected in each combustor, with the largest figures 
corresponding to the lowest pressure burners. 
7.3.2-MUOR TECHNOLOGICAL CHALLENGES 
From the technology point of view. combustion, recuperator and control will be 
the major challenges. 
In all the current combustors the fuel is injected in an oxygen rich environment, 
and the liner walls are cooled with the excess gas. In this semi-closed cycle the 
gas that enters into the combustor and reheaters contains the fuel, and air is 
injected to bum it. In an area where a lot of research, both experimental and 
theoretical. has been carried out during the last decades to achieve optimum 
efficiency with the lowest emissions as possible, such a big change, that can 
modify most of the design concepts drastically. seems unreachable in a reasonable 
Period of time. The large amount of radiation in the combustor could also be a 
problem, due to the important amount of triatomic molecules (water and carbon 
dioxide) present in the working fluid. Ile use of methane as fuel, with a large 
hydrogen to carbon weight, will attenuate this effect. 
The problem with the recuperator is the high temperature in both sides, with the 
additional difficulty of the high pressure in the cold side. In table 7.2, of the 
section 7A. L. the maximum temperatures of closed cycle beat exchangers are 
gi%lcrL The values for base load operating plants are below 1050 K, with prospect 
to reach 1150 K. In this semi-closed cycle, even the temperature of the cold side 
is higher than 1150 K. with the consequent technological requirements. It is 
important to bear in mind that the heat exchanger is one of the systems with lower 
6 This is ft caw of the ABB GT 24 and GT 26. where two annular combustor operate in serie, but 
far from stoichiometric and at high pressure. specially the first one (TET = 1500 K, PR = 30). The 
second combustor is located after a HVT stage expansion. At that engine station the pressure will 
be high enough. and there will be free oxygen for a further combustion process. The increase in 
temperature will no be very large. Therefore. the fuel to air ratio will not reach the stoichiomctric 
value at the exit of the second combustor. 
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reliabflity/a-s-aflability, which decreases when the gas temperature increases. Also, 
the large temperature variation in the recuperator, over 700 K in the hot side and 
even larger in the cold side, lead to a very complex device. 
The control of the plant is the third area of serious troubles. It is not clear to 
deduce from the scheme given if figure 7.1 the shaft arrangement of the plant. The 
one shaft configuration seem a little bit difficult, due to the high pressure of the 
machine. 7 In any case, the starting sequence should be carefully simulated, with 
the required synichronism between the main system fuel injection, the air pumping 
compressors, the water injection valves, etc. ' Ilie part load operation, the 
response to sudden changes in load, failures of one of the sub-systems, etc., will 
demand a complete study. Even if control laws are obtained for all the systems, 
revcrsiomry models should be derived from experimental and/or theoretical 
calculations, to be able to answer quickly to a failure in the determination of one 
or more parameters involved in the engine control9 or to a real failure in a 
component. 10 
An additional difficulty of every innovative gas turbine is the uncertainty in the 
failure rates of the new systems. For this configuration, where almost everything is 
new. the uncertainty will be larger. An extensive test programme should be carried 
Out in order to find out, experimentally, the behaviour of the plant. In addition, a 
relatively long period of normal operation of a pilot plant would be essential. II 
Aldwugh it is not the most suitable configuration for off-design, pressure ratios around 30 can be 
found in a single shaft configuration (ABB GT24 & GT'26) 
I The incorrect pressure of the air injected in the different burners can modify the exit pressure, 
knce the LP compressor inlet pressure. generating instabilities. Also, a failure in the air and/or 
fuel flow can represew the presence of oxygen in the recycled gases; a baza ous situation when 
the temperature of the gas is increased in the recupcrator, with the methane already injected. 
9 Typically a few measurements am needed for the different engine control laws. When one of these 
Measurements fails. an approxim= value can be derived from other engine parameters, avoiding 
a possible critical failure. in some cases it wifl be necessary to stop the machine to replace the 
Probe or rake. but in odiers it v6iU continue its normal operation. In this machine, where different 
types of measurements are required, the accuracy and reliability of the devices used for this 
PU'Pouse arc extremely important. 
10 If. for example. one of the water injection systems fails. the rest of the engine must have a quick 
response to this problem. changing the rest of the control laws. As in the case of a measurement, 
some failures will require the immediate stop of the machine. in most of the cases the machine 
Uill be able to operate partially, with a later stop, while other ones will be just warnings of the 
control system. 
The AGTJ-100A. a very good CxImPle Of an innovative machine' was in operation, for 
performance and endurance cycles at the Sodegaura Power Station of the Tokyo Electric Power 
Co. Inc. (TEPCO) for mw 3 years. 
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In most of the actual open cycle gas turbines, fuel flow is the parameter driving 
the off-design behaviour and control of the machine, having the most common 
limiting parameters as feedback, with bleed valves, variable IGVs, etc. as minor 
contributors. In other cases steam injection is present as well, and, in a few cases, 
variable low pressure1power turbines NGVs are employed. In the case of the 
proposed serni-closed cycle the number of sub-systems seems unreasonable for safe 
continuous operation. 
7.4. CRITICAL AMS 
The cycle we arc interested in has two main critical areas: 
The use of carbon dioxide or a mixture of carbon dioxide, argon and water vapour 
as a working fluid. 
The combustion of a low calorific value gas, obtained from coal gasification, with 
pure oxygen or a mixture of oxygen and argon (95%/5%) in a carbon dioxide 
environment. 
7.4.1. PROBLEMS ASSOCM TED 07TH THE USE OF CARBON DIOXIDE AS 
WORKINGFLUID 
In general. the use of a gas different than air for the cycle will be a critical point. 
The experience with gases such as helium, argon, mixtures of helium and xenon, 
carbon dioxide. etc.. is restricted to a very few closed cycles, all of them with low 
turbine entry temperature (of the order of 1100 K). The closed cycles with helium 
have been used for base load electricity generation, hence designed for optimum 
efficiency. However, in other cases, the closed cycles gas turbines have been used for 
submarine and space applications, where several important factors other than thermal 
efficiency. should be considered. Table 7.2 gives the characteristics of several closed 
cycles using different working fluids. 
The optimisation of the turbomachinery will be a very important subject for the 
carbon dioxide cycle. Most of the CFD codes available, either commercially or 
developed in house by the gas turbine companies. use air as a working fluid. Some 
code improvements will be necessary to be able to switch from air to carbon dioxide, 
a mixture of carbon dioxide and argon or a mixture of carbon dioxide, argon and 
water vapor. The most difficult and expensive activity will be the validation of the 
codes with experimental data. For the moment the author has not found any CFD 
validation data set using the gases we are interested in. Hence, some experiments 
should be run in order to obtain the necessary information. 
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Oberhausen I Oberhausen H NASA BRU Terrestrial AC 
Fuel Coal 
Coke oven gas 
Coke oven gas Radioisotope Radioisotope 
Working Fluid Air Helium XeHe84 Argon 
Power output OM 13.75 50 0.006 0.015 
Heat output (Nmj 18.5-28 53.5 
Efficiency 29.5 1 31.3 
36.0 
Fuel utilisation % 65.6 65.0 
SOT (K) 983 1023 1144 960 
CDP (bar) 32 28 1.9 2.9 
Commissioning 1960 1975 
Availability (%) 79 
Other critical aspect is turbine cooling. Vanes, blades and platforms, as well as 
discs, must be cooled in order to maintain the surface at an acceptable temperature. 
With 1200*C selected as the target SOT, a fairly large amount of cooling must be 
employed to keep the metal temperature at a reasonable level. The appropriate 
. rnal air system configuration will be critical to extend the life of the hot section of 
the gas turbine. As we have seen previously, the optimisation of the cooling bleeds is 
necessary to increase the cycle efficiency. These ideas must be borne in mind in this 
cycle. where the optimum pressure ratios are very high, leading to a high cooling 
tcmPcraturc. and where the lower temperature drop in the turbine will increase the 
Operating temperature of second and subsequent stages. 12 
As the working fluid is, mainly. carbon dioxide, the radiation problems will 
increase. In the case of having an open cycle gas turbine, the main components in the 
combustor will be nitrogen and unburnt oxygen, with some carbon dioxide, water 
vapor and argon present as well. The symmetric diatomic molecules, N2 and 02, are 
almost transparent to radiation. However, the presence of triatomic molecules, such 
as CO,? and H20, leads to luminous radiation. A lot of research has been conducted to 
investigate radiation in open cycles gas turbines. using natural gas, kerosene and 
diesel as fuels. An increase in the combustor liner metal temperature occurs when the 
combustion gas radiation is stronger. Hence, it will be absolutely necessary to 
investigate the radiation phenomena in a carbon dioxide atmosphere and burning a 
low heating value gas, where the fuel to air ratio will be of the order of 5 times 
Jun as an example the Wmperature drop in the turbine of a machine operating with carbon dioxide 
and 'with a pressure ratio 20 can be 50 % im-er than in other one using air as working fluid and 
with a pressure ratio 10. The higher exit temperature will lead to a larger amount of turbine 
cooling flows. 
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greater than with natural gas. The increase in radiation will also have an important 
effect on the mass flow necessary for the HPT NGVs leading edge and pressure 
surface cooling. Figure 7.2 shows the maximum combustor wall temperature in an 
open cycle gas turbine using different fuels, indicating the need for improvements in 
wall cooling technology to maintain acceptable durability of combustor liners when 
burning conventional low hydrogen content fuels. The situation will be critical if this 
content decreases to %ralues, close to 1-2%. as happens with fuel derived from coal 
gasification. 
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7.4.2. PROBLEMS ASSOCMTED 157TH YHE USE OF A LOW HF, 4TING 
VALUE FUEL DERI VED FROM COAL GASIFICA TION 
The low beating value gases will be burnt with oxygen in an inert atmosphere. In 
the gas turbine combustion discipline there is no previous experience with this kind of 
processes. The dricient mixing between the fuel and the oxidizer, to achieve complete 
combustion, will be a challenge. Also the necessity to avoid hot spots, that would 
cause damage in the turbines, is an area that requires an important research effort. 
The most conunon fuel properties investigated in relation with the gas turbine 
Operation and performance are: 
Aromatic content: related with carbon and smoke formation 
Hydrogen content: related uith combustor liner temperatures 
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Lower heating value: related with fuel consumption and auxiliary power 
Olerm content: related with gum formation 
" Carbon residue: related with combustor and fuel nozzle coke deposition and 
turbine blades deposition and erosion, as well as pollutants formation. 
" Water and sediment: related with fuel system fouling and erosion, as well as 
pollutants formation. 
" Ash content: related with hot end corrosion, erosion and fouling as well as 
Pollutants formation. 
" Sulphur content: related'%ith S02 generation and hot end corrosion 
" Trace metals (vamdium. sodium. potassium, calcium, lead, iron, copper, 
magnesium, etc. ): related with hot end corrosion and pollutant formation. 
" Flash point: related with handling safety. 
Other properties such as viscosity. pour point, cloud point, freeze point, vapor 
Pressure and distillation will not apply to gaseous fuels. 
The hydrogen content, carbon residue, %-atcr and sediment, ash content and 
sulphur content seem to be the most serious problems for the scmi-closed cycle gas 
turbine. 
As the fuel used is coming from coal gasification, although cyclons will be 
undoubtedly employed, a relatively large content of sulphur will be present in the 
final gas injected in the combustor. lbercfore, additional cooling is required to 
decrease the turbine metal temperature and avoid sulphidation. 
Even if full coverage film cooling or transpiration cooling are employed, the 
contaminated gas stream could damage the turbine. Hot particles coming from the 
combustor can reach the blades and be retained at the surface. Ile mechanisms for 
the deposition phenomenon can be: direct impingement13, vapor diffusionl4, turbulent 
diffusion's. clecuophoresis'6. thermophoresis'7, magnctophorcsis's, photophoresis'9. 
13 ImPingement is controlled by particle size. 
14 Vapor diffusion is controlled by the vapor pressure of the different individual elements of the hot 
gas mixture. 
" Turbulent diffusion is controlled by the boundary layer characteristics. 
16 Electf0phoresis is controlled by the electric charge of the particles. 
17 MXMRVhmsis is controlled by temperature gradients. 
is M2VIctophoresis is controlled by the magnetic charge of the particles. 
19 PhOtOPhOresis is controlled by light. 
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molecular diffusion2O, bro%%mian diffusion, diffusiophoresis, etc. The effectiveness of 
each of the mechanisms depends upon many factors, such as particle size and density, 
concentration, intensity of electrostatic charge, magnetic intensity, temperature, 
pressure, viscosity, velocity and density of the hot gas stream, blade surface 
temperature and roughness, local turbulence, etc. Phenomena, generally overlooked 
in the gas turbine world, such as the electrophoresis and magnetophoresis can play an 
adverse role in a contaminated environment. The effect using a coal derived fuel in a 
carbon dioxide environment must be investigated experimentally. 
Some difficulties could also be present in the bottoming cycle heat exchanger, 
where the combination of high temperatures, due to the lower temperature drop in the 
turbine., with the fuel contaminants should be studied. 
In the f-mal cooler the problem will be the combination of low temperatures with 
the sulphur content in the gas, with the possibility of sulphuric acid formation. This 
module will be one of the most critical, despite being a relatively cold one. 
All of these items will lead to a sequence of tests to prove the feasibility of the 
system that, in order to be completely representative, should be done at almost full 
scale. and under the same operating conditions as the real gas turbine. 21 
However, some individual aspects can be proved at scale models, or using 
different systems. 22 
Dtposition will be a problem, not only in the HP turbine NGVs and blades, but 
also in the combustor. where the high wall temperatures, due to radiation problems, 
will be more difficult to overcome. 
Even when a very high purity fuel is employed, the deposition rate increases 
dramatically with the temperature of the liner walls. In figures 7.3 and 7.4, from 
Chin. Hermanson and Spadaccini, 1201, the deposition data for commercial methane 
and ultra high purity (UIIP) methane / natural gas are plotted against combustor wall 
temperature. Considering that in the case of the carbon dioxide semi-closed cycle 
these temperatures will be of the order of 1100 K or higher, the deposition rate when 
using commercial methane can be of the order of 50 mg/crn-h. After one year of 
Operation. the deposition will be of the order of 0.5 g/cm2. The critical effects 
20 The bro%mian diffusion and molecular diffusion affects to the smaller particles. in the first case 
the size range is 0.5 to I microns,, while in the case of the diffusion is 0.01 to 0.5 microns. 
21 It is rot just Murphy's IAw. but the experic= of the gas turbine companies. what dictates that 
the most serious failures will take place in the parts not taken into account during the various risk 
Analysis exercises carried out during the design &- development phases, and also not considered in 
the preliminary tests. For this reasoti. the experiments must be carried out as close as possible to 
the real engine conditions. and using. if possible. the same hardware. measurement devices, etc. 7his Philosophy can sa%v a hx of money and time during the development period of a new engine. 
22 For eXample the flow pattern in the combustion chamber can be initially visualised using the water 
analogy. 
CARBON DIOXIDE(ARGO. V SEIII-CLOSED CYCLE SIMULA 77ON 
7.13 
associated with the deposition are the blockage of the liner cooling holes, with the 
consequent increase in temperatures and the possibility of burning the liner, and the 
Periodic detachment of the carbon layer, that can seriously damage the turbines. 
It is very difficult to extrapolate this tendency to a new fuel coming from coal 
gasification. The necessity of carrying out the appropriate experiments using a 
representative full scale combustor sector is, again, clear. 
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It is very important to clearly identity the limiting parameters of the cycle before 
starting the project. An error at this stage could cause very serious problems during 
the design and development of the machine. 
7.5.1. GAS TVRBIVE LLSHTING PARAMETERS 
The %-alues suggested, according to experience in conventional open cycle 
machines are, in the case of a two spools machine: 
Maximum continuous low pressure shaft speed23: 103% of the design value 
Maximum instantaneous low pressure shaft speed23: 125-130% of the design value 
Minimum continuous low pressure shaft speed: 35 % of the design value 
Maximum corrected speed of the low pressure compressor: 1109o' of the design 
value 
Minim= low pressure compressor surge margin (PRn, -I)/(PR-1): 8% 
Maximum continuous high pressure shaft speed24: 102.5 % of the design value 
Maximum instantaneous high pressure shaft spced24: 120% of the design value 
Minimum continuous high pressure shaft speed: 50% of the design value 
Maximum corrected speed of the high pressure compressor: 106% of the design 
value 
Millimum high pressure compressor surge margin (PRsm-I)I(PR-1): 12% 
MaXinium compressor delivery temperature (CDT): 900 K 
Maximum compressor delivery pressure (CDP): 80 bar 
Combustor wall temperatures: 1150 K (1075 K if sulphur becomes fuially a 
problem) 
Temperature profile quality at the exit of the combustor (T.. -T... )IT,, better than 
10%. 
Maximum stator outlet temperature (SOD: 1500 K 
Maximum deviation in SOT (SOTeSOT. ) during normal transients: 10 K 
23 It is assumed that the power turbine is not in the low pressure shaft. 
24 It is assumed that the po%%er turbine is rot in the high pressure sbaft. 
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" Maximum UPT nozzle guide vanes metal temperature: 1125 K (1075 K if sulphur 
becomes fiinally a problem) 
" Maximum HPT blade metal temperature: 1100 K (1050 K if sulphur becomes 
finally a problem) 
" Maximum LPT and PT nozzle guide vanes metal temperature: I 100 K (1050 K if 
sulphur becomes finally a problem) 
" Maximum LPT and PT blade metal temperature: 1075 K (1050 K if sulphur 
becomes fmally a problem) 
" Maximum continuous free power turbine shaft speed: I 10 % of the design value 
Maximum instantaneous free power turbine shaft speed: 140% of the design value 
Maximum turbine exit temperature: 1150 K (1050 K if sulphur becomes finally a 
problem) 
Minimum steam cycle beat exchanger exit temperature: 415 K (to avoid water 
liquefaction and the possibility of sulphuric acid formation) 
The maximum continuous shaft speed limit will be an important mechanical 
design criteria, due to the increase in creep, fatigue, etc., relative to the baseline shaft 
speed. The instantaneous overspeed will be a major issue for mechanical integrity, 
specially discs and shafts. For the power turbine shaft, the continuous overspeed limit 
is less restrictive, and typically between 105 and 110% of the design value is allowed, 
with values around 125-130% for the instantaneous overspeed in the case of the two 
sPOol-two shaft configuration, and around 140-150% for the two spool-three shaft 
arrangement (free power rurbine). 25 The variation of speed at base load is very 
dependent on the configuration. type of control, etc., and is, sometimes, fixed by 
government regulations regarding the stability of the electricity frequency. 26 The 
lower limit of the shaft speed is due to acroelasticity problems for stable operation. 
The minimum value of surge margin in industrial gas turbines can be lower than in acroengines, where values of 15 to 25 % are usually employed, as there is no need 
to have an additional reserve for nianoeu-. Tes, large inlet flow distortion, etc. The 
Margin is higher in the IIPC, because the surge problem in this component is more 
serious than in the LPC, as it is possible to have combustor air through the 
compressor, with catastrophic results in this component, and to produce a flame-out. 
25 For the instantaneous overspeed. coming from a shaft. clutch. etc. failure, resulting in an 
immediate lost of load. the presence of a compressor in the same shaft acts as a brake. due to the 
efficiency drop at high correned speeds. increase in mass flow and pressure ratio (therefore in 
compressor power demand) is very beneficial, with the free power turbine configuration having a 
mllimum transient value considerably larger. 
26 TYPical frequency stability limits arc: 12% from idle to 50% power, and ±1 % above 50% power. 
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The maximum compressor delivery temperature is limited by the materials of the 
last stages, and the maximum pressure by the combustor liner loads. Pressure of the 
order of 80 bars have been achieved in the Japanese AGTJ 100A and 10013. 
The maximum metal temperatures of the combustor walls, NGVs and blades of 
the high pressure turbine are determined by the limitations imposed by the materials. 
For the combustor and NGVs the loads are just the aerodynamic ones, while in the 
turbine blades the centrifugal stresses are also present. 27 For the semi-closed cycle we 
are considering the blades running 25*C cooler than the vanes. 
' 
This is the most 
common tendency, although in some cases the opposite selection is made. 28 
In addition to the difficulties associated with high temperature, such as creep and 
thermal stresses, the presence of sulphur in the fuel becomes a problem if the 
temperature is raised above 815*C (1088 K), as may happen in the case of the high 
pressure turbine blades and vanes. The sulphidation phenomenon is less dramatic in 
single crystal blades, as metal sulphides are formed in the grain boundaries. Sulphur 
has a particular affinity for nickel. Hence, alloys with high nickel content will be 
specially prone to sulphidation. 29 The combination of sulphur and vanadium with 
sodium and potassium, to form sulphates and vanadates, have proved particularly 
troublesome, because they have sufficiently high vapor pressure to emerge from 
flames in vapor form and then condense on metal surfaces that operate at temperatures 
below 815"C. The low pressure turbine will suffer from these problems. These 
sulfates and vanadates are liquid at temperatures above 650*C, and in this form react 
with the oxide films that would normally protect the alloy surface. A fairly rapid 
attack occurs under these films, that can be accelerated if chlorides or lead are also 
present. 
For the case of the coal derived fuel sulphur will be the main problem, as 
vanadium is usually not present in sufficient quantities, although a very detailed 
investigation is required. Therefore, an important effort should be carried out in order 
to remove the sulphur during the gasification process. 
The corrosion caused by the combustion products will be stronger in the case of 
semi-closed cycles than in open cycle gas turbines, even if clean ftiel was employed. 
In that situation, if the metal temperature is kept above the dew point of the water 
vapor present in the combustion products, there is little difference between the 
corrosion rates in air and in combustion products, as long as the fuel-air ratio (fuel- 
oxidizer ratio for our particular case) remains either above or below the 
27 It is important to note that most of the materials employed in turbines have a sharp drop in the 
properties above a certain temperature. Tberefore, an accurate estimation of the metal temperature 
is essential 
29 For example in the Westinghouse 501D the HPT stator was hotter than the rotor, and in the 501F 
the rotor was hotter than the stator. 
29 Most of the actual turbine alloys are nickel based 
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stoichiometric value. However, if the atmosphere fluctuates between oxidizing and 
reducing conditions, the scale formed during oxidizing conditions tends to flake off 
during a shift to reducing conditions, and a very rapid attack can occur. In a semi- 
closed cycle the fuel to oxidizer ratio has to be kept extremely close to the 
stoichiometric value, and this problem will, probably, arise. 
The SOT over shoot during transients can reduce the life of the turbine 
dramatically. This will not be a problem if a smooth starting/acceleration is 
employed, but it should be considered in the control schedules. 
The temperature profile quality at the exit of the combustor affects turbine life. 
HP turbine vane/blade cooling is designed according to the turbine gas inlet 
temperature pattern to maintain the metal temperature. If this profile oscillates, the 
metal temperatures will have an important gradient, with the consequent loss in life. 
The power turbine maximum exit temperature is limited by the heat recovery for 
the bottoming cycle. The heat exchanger will not be cooled, as turbine aerofoils are, 
and any increase in its temperature will have a large impact on the cost of the power 
plant. The minimum temperature at the exit of this component is limited by the 
sulphur content of the fuel. However, the problem will be transferred to the 
precooler, where the water is removed from the carbon dioxide/argon mixture at 
temperatures lower than exit temperature of the HRSG, making the precooler a 
critical component. Its life must be carefully estimated. Again, sulphur appears as a 
key issue for the feasibility of this power plant. 
7.5.2. STEAM TURBINE LIMITING PARAMETERS 
The parameters considered in this section will be the ones that have a direct effect 
on combined cycle efficiency and gas turbine/steam turbine interface. 
9 Maximum temperature: 813 K (540"C) 
* Maximum pressure: 120 bar 
o Minimum steam quality: 87% 
The typical temperature range of the bottoming cycle steam turbine is 400'C to 
540*C, with pressure going from 15 to 120 bar. The maximum temperature of 540*C 
is a very common value in steam turbines, requiring no further material research. The 
maximum pressure has also been maintained at 120 bar. Although in supercritical 
steam cycles considerably higher values are found, the intention of a combined cycle 
is to recover as much heat as possible, with a minimum decrease in the reliability and 
availability of the system. Higher temperatures and pressures could have the 
undesirable effect of making the steam cycle a risky area. 
The minimum steam quality is limited by corrosion in the last stages of the 
turbine. Experience shows that values higher than 85-87% are acceptable. However, 
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it is very common to design for no liquid fraction at the exit, tolerating small figures 
at off-design. 
7.6. PERFORMANCE PARAMETERS OF THE COMPONENTS 
The design efficiencies, pressure losses, power output, etc. are specified in this 
section for both, the gas turbine and the steam turbine. 
7.6.1. GAS TURBINE DESIGN PERFORMANCE PARAMETERS 
" Low pressure compressor inlet temperature: 300 K 
" Inlet pressure losses: 0.5% 
" Low pressure compressor polytropic efficiency: 90% 
" Low pressure compressor relative shaft speed: defined by the base load operating 
point. 
" Low pressure compressor surge margin: 40% (55% if steam injection is 
considered as a possible future option with no major re-design). 
" Intercompressor casing pressure losses: 0.2% 
" Intercooler exit temperature: 310 K 
" Intercooler pressure losses: 2% 
" High pressure compressor polytropic efficiency: 89 % 
" High pressure compressor relative shaft speed: defined by the base load operating 
point. 
" High pressure compressor surge margin: 30% (45% if steam injection is 
considered as a possible future option with no major re-design). 
LPT blade cooling extraction point: (Hz5-H2j)1(HrH2j)=0.45 
Polytropic efficiency loss in the LPT cooling bleed due to walls: 5 
Excess mass flow compressor polytropic efficiency: 85 % 
Regenerator effectiveness: 80% 
Regenerator pressure losses: 3% in the cold side 
3% in the hot side 
" External consumption maximum bleed: 1% 
" Combustor efficiency: 99.9% 
" Combustor & diffuser pressure losses: 5% 
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Stator outlet temperature (SOT): 1473 K and 1650 K 
High pressure turbine polytropic efficiency: 87 % 
High pressure shaft friction losses: 0.1 % 
High pressure shaft power off-take: 0.4% 
" HPT nozzle guide vanes metal temperature: 1100 K (1050 K if sulphur becomes 
finally a problem) 
" HPT blade metal temperature: 1075 K (1025 K if sulphur becomes finally a 
problem) 
" HPT stage loading: IF=AHAP= 1.7 
" HPT blade speed (Mach number): M=0.5 
Low pressure turbine polytropic efficiency: 87% 
Low pressure shaft friction losses: 0.3 % 
" LPT and PT nozzle guide vanes metal temperature: 1075 K (1025 K if sulphur 
becomes finally a problem) 
" LPT and PT blade metal temperature: 1050 K (1000 K if sulphur becomes finally 
a problem) 
" LPT stage loading: 'F=AHIU2= 1.7 
" LPT blade speed (Mach number): M=0.4 
" Turbine casing pressure losses: 0.5% 
" Power turbine polytropic efficiency: 87% 
" Power turbine losses, including generator losses: 2% 
" Bottoming cycle heat exchanger pressure losses: 5% 
" Temperature at the exit of the bottoming cycle heat exchanger: 420 K 
" Precooler pressure losses: 2% 
" Nozzle pressure ratio: 1.02 
The compressor inlet temperature is determined by the water temperature used to 
precool the gas (around 10-150C can be assumed). With 15*C as cooling temperature, 
a recuperator effectiveness of 91 % and a hot side inlet gas temperature of 150 *C, the 
precooler exit/compressor inlet temperature will be 27*C (300 K). 
The efficiencies of both, LP and HP compressors are characteristic of those 
employed in industrial gas turbines, where a larger number of stages with a lower 
work done per stage and a slightly higher efficiency, is preferred over the weight and 
cost reduction derived from the reduction in number of stages. In figure 7.5 a scheme 
of the range of efficiencies for axial compressors using air as working fluid is shown. 
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The pressure ratio per stage has a direct relation with blade speed and work 
coefficient as shown in figure 7.6, where different aero, and industrial compressor 
technologies are classified according to their pressure ratio, mean corrected speed and 
work coefficient. If the relative velocity of the blade is transonic or supersonic the 
pressure ratio will grow, but then the losses will come not only from boundary layer 
friction or secondary flows, but also from shock waves. 
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The optimisation of the blade design should be done for the base load operating 
point, where this power plant will operate for at least 80% of its life. In other 
machines a complete study of the possible duty cycles should be carried out, in order 
to determine clearly the operating point where the turbomachinery efficiency must be 
maximise. 
The compressor surge margin is a very important subject. If the same 
turbomachinery has to suit both, steam injection, and simple cycle gas turbines, the 
surge margin must be larger than for a conventional cycle. 30 As it was explained in 
previous chapters, the most common reasons for steam injection are the reduction in 
NOX levels together with a very high efficiency in a compact pack, and the possibility 
of having an integrated cogeneration / combined cycle system. In these cycles the 
reasons will be the second and third ones, because no NOX emissions will take place. 
In addition to the reduction in surge margin if steam injection is used, it was observed 
during the first off-design runs of this cycle that the LP compressor running line 
approached the surge line quicker than in an open cycle gas turbine. 31 This 
unexpected effect changed the initial design surge margins, fixed in 20% for the LPC 
and 25% for the HPC, to 40% and 30% respectively. In the case of compatibility 
between simple cycle and steam injection the values would be 55% and 45%. The 
increase could be lower, however the steam to inlet flow ratio is expected to be higher 
than in a conventional open cycle gas turbine, due to its higher power turbine exit 
temperature, leading to a larger steam mass flow generation. 
The recuperator effectiveness is representative of that of a large device employing 
mature technology. Values around 85% could be achieved using advanced materials 
and methods. The pressure losses have been estimated from existing machines, and a 
more accurate prediction should be made as soon as the final arrangement is decided. 
The efficiency of the compressor used to increase the pressure of the excess of 
carbon dioxide bled before the entry of the combustor is characteristic of a centrifugal 
one. If the excess mass flow was large enough, an axial compressor, with a higher 
efficiency, could be employed. 
Combustion efficiency must be nearly 100%. The 5% pressure loss in the 
diffuser and combustor is a very common value. Slightly lower losses could be 
obtained employing larger combustors, with the consequent reduction in velocity. 
However, figures between 3 and 6% are expected. 
As it has been stated, the peak load SOT is high, specially if the fuel contains 
large proportions of impurities. However, after a reduction of around 100*C for the 
30 An example of compatibility between simple and steam injection cycles is given by the Allison 
501-KH. Being an aeroderivative of the T56-501K turboprop engine, the 501-KB had a surge 
margin in excess of 45 percent. Hence, it was feasible to modify the industrial turbine, adding the 
possibility of steam injection, without major re-designs. 
31 It is important to notice that this effect, not expected initially, does not modify the optimisation 
calculations done before. 
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base load, the resultant value would be acceptable. It is important to bear in mind that 
the cooling flows will be designed for the peak value, giving an important increase in 
life when the turbine works at part load. 
The HP, LP and power turbine efficiencies are conservative values obtained from 
experience with open cycles. Usually, the HP turbine has a lower efficiency, due to 
its higher load per stage and interaction between main flow and cooling flows. In the 
semi-closed cycle, as the drop in temperature per stage is lower, even the last stages 
would need some cooling. For that reason a constant polytropic efficiency has been 
taken. 32 
The shaft losses, HP shaft power off-take, power turbine and generator losses 
values are typical for industrial gas turbines in operation. 
The pressure losses of the bottoming cycle heat recovery are quite important. 
However, the flow will experience a very large temperature drop, and the heat 
exchanger must be large enough to allow this heat transfer. The precooler losses and 
the nozzle pressure ratio have also been obtained from different experimental and 
production machines. 
7.6.2. STEAM TURBINE DESIGN PERFORMANCE PARAMETERS 
A simple steam turbine is assumed for the optimisation process, to avoid iterative 
loops in the bottoming cycle calculations. A detailed treatment of the steam turbine 
should be done when the final cycle arrangement has been decided. The steam turbine 
main parameters are: 
" Temperature drop between gas turbine exit and steam turbine entry: 40 K 
" Temperature difference in the pinch point: 20 K 
" Steam turbine isentropic efficiency: 85 % 
" Condenser pressure: 6 mbar 
" Pump efficiency: 70% 
" Economiser pressure losses: 8% 
" Superheater pressure losses. - 7% 
" Auxiliary power for steam turbine ancillaries and generator pressure losses: 2% 
32 Perhaps a 1-2% increase in efficiency between the first and last turbine would be more accurate. 
However, if different efficiencies were employed for low pressure and power turbine, the design 
performance for the free power configuration will not give the same results as in the case of 
power turbine in the HP or LP shaft. Metal temperatures for both, stator and rotor, cooling 
technology, etc. should also be the same, to minimise the possible performance differences 
generated by the vane/blade cooling calculations. 
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The temperature drop between the exit of the power turbine and the inlet of the 
steam turbine and temperature difference in the pinch point have been taken from 
references [11], [48] and [87]. 
The efficiency of the power turbine, as well as the pump efficiency and pressure 
losses in the economiser and superheater have been obtained from the TVA Bull Run 
power plant [48], as well as from other references on steam power plants [11], [ 19], 
[25], [47] and [98]. 
Several steam turbines used in combined cycles have been examined to obtain a 
reasonable value of the condenser back pressure. A range from 1.2" up to 15" Hg 
was identified, and 1.8" Hg was finally selected. 
Auxiliary power and generator losses between 1.5 and 4% are very common. The 
highest values usually include the pump power, that has been calculated separately. 
Therefore, a value of 2% was chosen. 
7.7. POWER PLANT ARRANGEMENT 
The possible arrangements of the power plant depend on the final cycle selection. 
Four possible gas turbine cycles will be investigated: 
" Simple cycle 
" Intercooled cycle 
" Recuperated cycle 
" Intercooled and recuperated cycle 
The one spool/single shaft arrangement is usually preferred for electricity 
generation, due to its better stability and power change response. However, this 
configuration is not feasible for very high pressure ratio gas turbines. Off-design 
problems caused by very high pressure ratio compressors limit the use of single shaft 
power plants. One of the drivers in the allowable pressure ratio is the change in 
density from inlet to outlet of the compressor. Due to the different thermodynamic 
properties of carbon dioxide, or carbon dioxide/argon, compared with air, larger 
density changes will happen for the same pressure ratio. Initial studies have confirmed 
that the optimum pressure ratios will be higher than with air. From the open cycle 
data, where the maximum pressure ratio for a conventional compressor is limited to 
values around 20,33 and bearing in mind that carbon dioxide is an unconventional 
33 A higher value can be found, for example, in the high pressure compressor of the aero gas turbine 
GE-90, with a pressure ratio of 20 or in the heavy duty ABB GT24 and GT26 models with a 
pressure ratio of 30. However, the control of this kind of compressor is far more difficult, and 
slightly lower values are desirable. 
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working fluid, the limiting value chosen for each compressor of the semi-closed cycle 
has been 12. 
With these considerations, the two spool arrangement seems to be the most 
adequate. The power turbine can be either a free power turbine34 (two spools/three 
shafts) or located in the low pressure SpOO135 (two SpoolS/tWO Shafts). Schemes of the 
possible configurations are shown in figures 7.7 to 7.10. 
7.8. CONDITIONS AT THE ENTR Y AND EXIT OF EA CH MOD ULE 
AND OPERATIONAL ENVELOPE 
Typically, pressure and temperature distributions at the entry of the compressors, 
turbines, combustor, etc. are not uniform. For our purposes these non-uniformities 
will be neglected, and only the high pressure turbine peak temperatures will be 
considered for cooling flow calculations of the NGVs. 
No temperature change is assumed between the extraction and injection points for 
any of the cooling flows. 
The operational envelope does not suffer from inlet pressure and/or temperature 
variations, as in the case of open cycles, where hot climate and operation at altitude 
decrease the efficiency and power oUtpUt. 36 Only the changes in the temperature of the 
water, used to pre-cooled the gas leaving the bottoming cycle heat exchanger and the 
condenser, affect the compressor inlet temperature. These will result in minor 
performance changes. However, the necessity of a constant water supply for the 
precooler is an important logistic factor to be considered. The variations in inlet 
pressure will be dictated by the limitations imposed in the condenser. It would be 
desirable to change the power output of the plant by changing the inlet pressure, as in 
the case of closed cycles gas turbines, but the limited range of pressure-temperature 
combination for water liquefaction make this option very difficult, although some 
modifications in this pressure are allowed. 
34 The aeroderivative GE LM5000, RR RB21 1, ... are exarnples of two shaft + free power turbine 
machines. 
35 The Japanese project AGJIOOA/B and the GE LM6000 are examples of a two shaft with the power 
turbine incorporated in the low pressure shaft 
36 The change in altitude has also an effect over the Reynolds number, that affects the compressor 
efficiency as well as the combustion efficiency in the aeroengines. However. in the case of the 
industrial gas turbines these changes are relatively small (maximum variations of the order of 20- 
30% in Reynolds number). 
For closed cycles, where the power is controlled mainly with the inlet pressure, the Reynolds 
number will experience important deviations from the design value, and the effect on compressor 
efficiency could be substantial. 
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7.9. PERFORMANCE COMPARISON OF THE POWER PLANT 
WITH C02 AND C021ARGON AS WORKING FLUIDS 
Initially both, pure carbon dioxide and a mixture of carbon dioxide and argon can 
be employed as working fluids. As it has been already mentioned, carbon dioxide will 
be the operating gas when the oxidizer is pure oxygen, and carbon dioxide/ argon if 
the oxidizer is a mixture of oxygen and argon (95%/5%). In both cases the oxygen 
comes from air separation, but in the second one the argon is left with the oxygen. 
The result is a more economical and simpler air separation process. 
All the calculations, for the simple, intercooled, regenerated and intercooled & 
regenerated cycles, were done with both working fluids and a SOT of 1473 K. The 
results are presented in Appendix III for the case of pure oxygen oxidizer (CO2 
working fluid) and in App. IV for the oxygen/argon oxidizer (C02/Argon working 
fluid). 
Figures 1,25,49 and 73 show the combined cycle thermal efficiency of the four 
cycles studied, considering the losses originated by the air separation process, carbon 
dioxide compression process, fuel compression process, etc., not only for the gas 
turbine but for the complete power plant, including also the energy required for the 
fuel gasification process. In all cases, the C02/Argon cycle has a slightly larger 
efficiency than the pure C02 one, as can be clearly seen when figures 25 of App. I1I 
and IV are compared. 
Figures 2,26,50 and 74 are the combined cycle ideal thermal efficiency, where 
none of the losses inherent to the semi-closed cycle are considered. In this case there 
is almost no difference between the C02 and C02/Argon cycles. The conclusion is 
clear: the differences found when comparing figures 1,25,49 and 73 of App. III and 
IV are caused mainly by the excess energy required to separate the argon, and not by 
the different thermodynamic behaviour of the working fluid (additional 0.107 MJ/kg 
02 are required for the pure oxygen generation). 
Figures 3,27,51 and 75 show the simple cycle thermal efficiency considering all 
the power plant losses. As for the combined cycle thermal efficiency, the C02/Argon 
cycle offers slightly larger values. 
Figures 4,28,52 and 76 are the simple cycle ideal thermal efficiency. Again, 
when the air separation losses, etc. are not taken into account, C02 and C02/Argon 
cycles have the same performance. 
Figures 5,29,53 and 77 are the complete power plant combined cycle specific 
power output (kW/kg/s). In parallel with the combined cycle efficiency the power 
output is slightly larger for the C02/Argon cycle. 
Figures 6,30,54 and 78 present the combined cycle ideal specific power output 
(kW/kg/s), where the power required to compress the fuel and the excess CO, and to 
separate the oxygen or oxygen/argon is not considered. The difference between the 
C02 and C02/Argon cycles is negligible. 
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Figures 7,31,55 and 79 show the gas turbine specific power (kW/kg/s) and do 
not change significantly between App. HI and IV. 
A similar conclusion can be obtained when figures 8,32,56 and 80, that 
represent the steam turbine specific power output (kW/kg/s) and figures 9,33,57 and 
81, that represent the gas turbine to steam turbine power ratio, of Appendices III and 
IV are compared. 
Figures 10,34,58 and 82 give the auxiliary (fuel compression, air separation and 
excess carbon dioxide compression specific power) to useful power ratio. There is a 
clear difference between the C02 and C02/Argon cycles, with smaller values for the 
second case. 
Figures 11,35,59 and 83 present the excess carbon dioxide or carbon 
dioxide/argon compression specific power (kW/kg/s), almost the same for both cases. 
The main difference appears when figures 12,36,60 and 84, representing the 
oxygen or oxygen/argon separation specific power (kW/kg/s), are considered. When 
argon is present in the working fluid, the power required by the air separation process 
is lower, as can be clearly appreciated comparing Appendices III and IV. 
Figures 13,37,61 and 85 are for the fuel compression specific power (kW/kg/s), 
and no major difference can be appreciated between the values calculated with C02 
and with C02/Argon. 
The same conclusion is obtained for the fuel to compressor inlet mass flow ratio 
(equivalent to the Mel to air ratio in open cycles) shown in figures 14,38,62 and 86 
and for the gas turbine exit temperature (K), shown in figures 15,39,63 and 87. 
The high pressure turbine design parameters are the same for both working 
fluids. Number of HPT stages (figures 16,40,64 and 88), HPT cooling bleed (% 
relative to compressor inlet mass flow, figures 17,41,65 and 89), HPT stators 
cooling bleed (% relative to compressor inlet mass flow, figures 18,42,66 and 90) 
and HPT rotor cooling bleed (% relative to compressor inlet mass flow, figures 19, 
43,67 and 91) are almost identical for Appendices III and IV. 
The low pressure turbine behaviour is the same with CO. and with C02/Argon. 
Number of LPT stages (figures 20,44,68 and 92), turbine cooling bleed (figures 21, 
45,69 and 93), stator cooling bleed (figures 22,46,70 and 94) and rotor cooling 
bleed (figures 23,47,71 and 95) do not suffer variations with the change in working 
fluid. 
The optimum steam turbine pressures, that maximise the combined cycle thermal 
efficiency, are also the same for the C02 and C02/Argon cycles, as shown in figures 
24,48,72 and 96 of Appendices III and IV. 
After the comparison, the main conclusion is that almost no differences in the 
performance results exist between the simulations carried out with C02 (Appendix III) 
and with C02/Argon (Appendix IV) for the four cycles considered: simple, 
intercooled, regenerated and intercooled & regenerated. Slightly higher simple and 
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combined cycle efficiency and specific power output were obtained using the mixture 
of carbon dioxide and argon, due to the lower energy required by the air separation 
process. In other areas, such as combustion, cooling, etc., the author has not 
identified any detrimental effect caused by the presence of argon. Therefore, the 
mixture of oxygen/argon as oxidizer, that ends up with the C02/Argon working fluid, 
is selected for further studies. 
7.10. PERFORMANCE COMPARISON BETWEEN THE SIMPLE, 
INTERCOOLED, REGENERATED AND INTERCOOLED & 
REGENERATED CYCLES WITH C021ARGON AS WORKING FLUID 
Once the C02/Argon has been selected as the most adequate working fluid, in 
terms of performance and power plant complexity, it is necessary to decide the power 
plant arrangement. As mentioned earlier, simple, intercooled, regenerated and 
intercooled & regenerated cycles have been initially considered, always in the two 
spool-two shaft arrangement, 37 and fitted with a steam turbine bottoming cycle to 
evaluate the combined cycle performance. 
Appendix IV shows the performance results of the complete power plant 
simulation, including the energy required for the coal gasification process as well as 
for the fuel compression, oxygen/argon separation and excess C02/Argon 
compression, when the SOT is 1473 K (conservative cycle concept). Appendix V 
considers the 1650 K SOT case (advance cycle concept). 
7.10.1. PERFORMANCE STUDYFOR THE 1473 K SOT CYCLE (APPENDIX IV) 
Figures 1,25,49 and 73 show the combined cycle thermal efficiency for the 
complete power plant. For the simple cycle arrangement the peak efficiency ( th- 17 0.35t) is obtained at pressure ratios around 50. The intercooled cycle highest values 
(17, h-0.35-) take place at a pressure ratio lower than 40 (LPC PR-3-3.5, HPC PR~ 
12). For the regenerated cycle the peak values (qh -0.36) happen at pressure ratios 
around 30. Finally, the peak efficiencies for the intercooled & regenerated cycle (? I,, - 
0.37-) take place at pressure ratios slightly lower than 30 (LPC PR-2.5, HPC PR- 
11). The differences between the four configurations are not very large, and only the 
37 For the lowest pressures ratios, i. e. between 4 and 20, the one spool-single shaft configuration 
would be the right choice. But, as the preliminary studies demonstrated that the peak efficiencies 
take place at pressure ratios above 40, the complete study is carried out with the two spool - two 
shaft arrangement. It would have been possible to employ a two spool - three shaft configuration, 
with free power turbine, but, as this cycle will be mainly dedicated to the electricity generation, 
the two shaft arrangement seems to be more appropriate. 
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intercooled cycle offers a relatively poorer efficiency,, while the intercooled & 
regenerated cycle has a better performance., 
The combined cycle ideal thermal efficiency, shown in figures 2,26,50 and 74, 
has a maximum around 0.48-0.5 for the four power plant arrangements. 
Figures 3,27,51 and 75 present the complete power plant simple cycle (gas 
turbine alone) thermal efficiency. The maximum efficiencies for the simple cycle 
configuration (17,, -0.16+) are obtained at pressure ratios around 60-70. For the 
intercooled cycle, the peak values (i7th -0.20-) take place at pressure ratios larger than 
80 (LPC PR-8, HPC PR-12). In the regenerated case, the maximum values (76 - 
0.23) are for pressure ratios around 20-25. For the intercooled & regenerated cycle 
the maximum efficiencies (qh -0.27) are for pressure ratios around 50, although there 
is a large region of relatively high thermal efficiency. 
The simple cycle (gas turbine alone) ideal thermal efficiency, shown in figures 4, 
28,52 and 76, does not follow the same behaviour as the combined cycle, where the 
maximum values were the same for all the cycles. In this case the simple cycle is the 
lowest, with a value of Tl,, -0.33-. The intercooled has a peak ideal efficiency of 77,, - 
0.34+. The regenerated cycle maximum values are around tl,, -0.35+, and the 
intercooled & regenerated shows the best efficiency, with 71, h -0.40. 
The complete plant combined cycle specific power output (kW/kg/s) is presented 
in figures 5,29,53 and 77. In the simple cycle arrangement the maximum values take 
place at low pressure ratios, while for the peak combined cycle efficiency pressure 
ratios the specific power output is around 325-350 kW/kg/s. The intercooled cycle has 
a larger specific power output, with values close to 400 kW/kg/s, and slightly lower 
(390 kW/kg/s) for the peak combined cycle efficiency points. The regenerated cycle 
has a very poor specific power output, with maximum figures around 285 kW/kg/s. 
The intercooled & regenerated arrangement offers slightly better values, that for the 
maximum combined cycle efficiency are around 300 kW/kg/s. 
The combined cycle ideal specific power output (kW/kg/s) of figures 6,30,54 
and 78, follows a parallel behaviour to the previous parameter, this one being, of 
course, larger, due to the no consideration of the auxiliary power requirements (coal 
gasification, fuel compression, oxygen/argon separation and excess C02/Argon 
compression). 
Figures 7,31,55 and 79 show the gas turbine specific power output (kW/kg/s). 
The simple cycle configuration has the maximum, around 285 kW/kg/s, for the same 
pressure ratios where the combined cycle efficiency has the peak values. The 
intercooled cycle has the largest specific power output, with values over 370 kW/kg/s 
for pressure ratios larger than 100. For the region where the thermal efficiency was 
maximum, the specific power output is approximately 330 kW/kg/s. The regenerated 
cycle offers top specific power output of 285 kW/kg/s located in the pressure ratios 
where the maximum combined cycle thermal efficiencies take place. Finally, the 
intercooled & regenerated cycle largest specific power outputs, with values over 350 
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kW/kg/s, take place for very large pressure ratios. The specific power output for 
optimum thermal efficiency region is around 310 kW/kg/s. The main conclusion is 
that the differences in gas turbine specific power output, for the pressure ratios where 
the thermal efficiency is maximum, are not very large for the four cycles considered 
(285,330,285 and 310 kW/kg/s respectively) 
The steam turbine specific power output (kW/kg/s) is presented in figures 8,32, 
56 and 80. For the simple cycle arrangement the maximum values (320 kW/kg/s) can 
be found at low pressure ratios, where the exit temperatures are larger. But for the 
pressure ratios where the combined cycle thermal efficiency is optimum, the specific 
power output is around 200 kW/kg/s. The behaviour for the intercooled cycle is 
almost the same as for the simple cycle, with very small differences and, although the 
pressure ratios where the optimum thermal efficiency is located are very different the 
value of the steam turbine specific power output is also around 200-210 kW/kg/s. The 
regenerated cycle shows a completely different panorama, with a very uniform 
specific power output. The maximum values, around 126 kW/kg/s, can be found at 
pressure ratios above 90, while for the maximum thermal efficiency region the figures 
would be 105-110 kW/kg/s. The scenario in the intercooled and regenerated cycle is 
similar to the regenerated case, with very small variations for the whole range of 
pressure ratios. The location of the peak values, around 85 kW/kg/s for LPC pressure 
ratios of 2-2.5, coincides in this cycle with the region of the maximum thermal 
efficiency. 
Figures 9,33,57 and 81 show the gas to steam turbine power ratio. For the 
simple cycle configuration, a figure around 1.5 is obtained for the peak thermal 
efficiency region. A similar value is found for the intercooled cycle arrangement. For 
the regenerated cycle the ratio for the maximum thermal efficiency region is 2.5, 
increasing up to 3.5 for the intercooled & regenerated case. 
The details of the auxiliary losses are presented in figures 10 to 13 for the simple 
cycle power plant arrangement, 34 to 37 for the intercooled cycle, 58 to 61 for the 
regenerated cycle and 82 to 85 for the intercooled & regenerated configuration. It is 
important to stress the large losses caused by the oxygen separation and fuel 
compression, as well as for the excess carbon dioxide compression at low pressure 
ratios, responsible all of them for, the low performance exhibited by the different 
power plant configurations. 
The fuel to compressor inlet mass flow is shown in figures 14,38,62 and 86 for 
the four cycles considered. The main characteristic is the large amount of fuel 
required, due to the low heating value, specially for the simple and the intercooled 
cycles. 
The gas turbine exit temperature (K) is presented in figures 15,39,63 and 87. It 
is important to observe the large temperatures (up to 1200 K) found for the simple 
and intercooled cycles, with variations of 500 K for the pressure ratios considered. In 
the regenerated and intercooled & regenerated cycles case the exhaust temperatures 
are much lower and uniform (around 700-800 K for the regenerated and 600-700 K 
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for the intercooled & regenerated plant). The difficulty for the last two cycles will be 
located in the regenerator, with very high operating temperatures. 
The HPT stage number and cooling bleed requirements are shown in figures 16 to 
19,40 to 43,64 to 67 and 88 to 91. The relatively large cooling bleed now 
requirements used in the simple and regenerative cycle arrangements is drastically 
reduced in the intercooled and intercooled & regenerated configurations, due to the 
decrease in the cooling flow temperature. In these two cycles the constant mass flow 
cooling lines are horizontal, due to the constant temperature for each HPC pressure 
ratio, independent on the LPC pressure ratio. 
The LPT details are shown in figures 20 to 23,44 to 47,68 to 71 and 92 to 95. 
The most important characteristic is the large number of turbine stages required to 
drive the LPC and generate the power output. Although the number of stages is 
larger, due to the lower temperature, the cooling flow requirements are less than for 
the HPT. However this figure will be larger than for a similar turbine operating with 
air, became the temperature drop is lower in a turbine using C02 as working fluid. 
The iso-cooling lines are not completely horizontal for the intercooled and intercooled 
& regenerated cycles, due to the different LPT inlet temperatures. 
The steam turbine optimum pressure is presented in figures 24,48,72 and 96 of 
appendix IV. The large exit temperatures of the first two cycles, simple and 
intercooled, make the optimum steam turbine pressure considered to be over 50 bars 
for most of the pressure ratios, with a much lower value for the regenerated and 
intercooled & regenerated cycles, where the values are around 10 bars. 
7.10.2. PERFORMANCE STUDY FOR THE 1650 K SOT CYCLE (APPENDIX V) 
The combined cycle thermal efficiency for the complete power plant running at 
1650 K SOT is shown in figures 1,25,49 and 73 of App. V. The peak efficiency of 
the simple cycle arrangement peak efficiency (tlh -0.36+) is obtained at pressure 
ratios around 55. For the intercooled cycle the highest values (tlh -0.36-) are found at 
a pressure ratios slightly larger than 40 (LPC PR-3.5, HPC PR-12). In the case of 
the regenerated cycle the peak values (i7, h -0.38+) happen at pressure ratios around 
25-30. For the intercooled & regenerated cycle, the peak efficiencies (tlh -0.39-) take 
place at pressure ratios around 30 (LPC PR-2.5, HPC PR-12). The differences 
between the four cycles are larger than for the 1473 K SOT'case. The intercooled & 
regenerated cycle has the best performance, slightly larger than the regenerated cycle, 
these two offering a combined cycle efficiency 2-2.5 points better than the simple 
cycle or intercooled cycle arrangements. 
The combined cycle ideal thermal efficiency of figures 2,26,50 and 74, has a 
maximum around 0.50-0.52 for the four power plant arrangements, 2 points higher 
than the 1473 K case. 
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In figures 3,27,51 and 75 the complete power plant simple cycle (gas turbine 
alone) thermal efficiency can be observed. For the simple cycle configuration the 
maximum efficiencies (i%h -0.17) are obtained at pressure ratios around 70-80. For 
the intercooled cycle, the peak values (i7, h -0.20+) are located at pressure ratios larger 
than 90 (LPC PR-9, HPC PR-12). In the regenerated case the largest values (77,, - 
0.23) are for pressure ratios around 25-30. The maximum efficiencies of the 
intercooled & regenerated cycle (i%h -0.27) are for pressure ratios around 50, 
although there is an extensive region of high simple cycle thermal efficiency. When 
comparing these figures with the 1473 K SOT case the differences obtained are very 
small. The excess energy required to produce the additional fuel & oxygen, to 
increase the temperature from 1473 up to 1650 K, and the larger cooling flows cancel 
the benefits of having a higher SOT. Nevertheless, the rise in turbine exit temperature 
make the steam turbine bottoming cycle more effective, increasing the combined cycle 
thermal efficiency, as shown in the first paragraph of this section. 
The simple cycle (gas turbine alone) ideal thermal efficiency is shown in figures 
4,28,52 and 76. The simple cycle arrangement has the lowest value of the four 
power plant configurations, with a value of 17,, -0.33. The intercooled has a 
maximum ideal efficiency of i7, h -0.35+. The regenerated cycle peak values are 
around 17,, -0.35+, and the intercooled & regenerated offers the best efficiency, with 
illh -0.40+. 
The complete power plant combined cycle specific power output (kW/kg/s) is 
presented in figures 5,29,53 and 77 of App. V. In the simple cycle configuration the 
maximum values (over 430 kW/kg/s) take place at pressure ratios around 12, while 
for the pressure ratios where the peak combined cycle efficiencies are located, the 
specific power output is around 380-400 kW/kg/s. The intercooled cycle has a slightly 
larger maximum specific power output, with values close to 460 kW/kg/s, and above 
450 kW/kg/s for the peak combined cycle efficiency cases. The regenerated cycle 
does not offer a good specific power output, with maximum figures around 340 
kW/kg/s. The location of the maximum specific power output coincides with the 
maximum combined cycle thermal efficiency pressure ratios. The intercooled & 
regenerated arrangement has slightly better values than the regenerated cycle, with 
maximum values around 360 kW/kg/s, and figures around 350 kW/kg/s for the 
maximum combined cycle efficiency cases. The values found here are around 50 
kW/kg/s larger than the ones obtained with the 1473 K SOT cycles. 
The combined cycle ideal specific power output (kW/kg/s) of figures 6,30,54 
and 78, follows a similar trend than the combined cycle specific power output, with 
values between 100 and 170 kW/kg/s larger than the previous case (1473 K SOT). 
Figures 7,31,55 and 79 present the gas turbine specific power output (kW/kg/s). 
The simple cycle configuration has its maximum, around 315 kW/kg/s, for the same 
pressure ratios where the combined cycle efficiency has the peak values. The 
intercooled cycle has the highest specific power output, with values in excess of 420 
kW/kg/s for very large pressure ratios. For the pressure ratios where the highest 
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combined cycle thermal efficiency occurs, the gas . turbine specific power output is 
around 375 kW/kg/s. The regenerated cycle has its best gas turbine specific power 
outputs, 310-315 kW/kg/s, located close to the pressure -ratios where the highest 
combined cycle thermal efficiencies take place. The intercooled & regenerated cycle 
largest specific power outputs, with values higher than 400 kW/kg/s, are located at 
pressure ratios over 100. The specific power output for the optimum combined cycle 
thermal efficiency region is around 360 kW/kg/s. In general, a better gas turbine 
specific power output has been found when the stator outlet temperature has been 
increased from 1473 K up to 1650 K. 
The steam turbine specific power output (kW/kg/s) is shown in figures 8,32,56 
and 80 of appendix V. The simple cycle arrangement presents peak values around 360 
kW/kg/s for the lowest pressure ratios, where the exit temperatures are larger. 
However, for the pressure ratios where the combined cycle thermal efficiency is 
highest, the specific power output is around 240-250 kW/kg/s. As in the 1473 K SOT 
case, the steam turbine specific power output of the intercooled cycle is almost the 
same as in the simple cycle arrangement. For the pressure ratios where the combined 
cycle thermal efficiency is optimum, the steam turbine specific power output is also 
around 250 kW/kg/s. The regenerated cycle has a considerably lower and constant 
steam turbine specific power output, and the highest values, around 151 kW/kg/s, are 
located at pressure ratios above 100. For the peak thermal efficiency region the 
specific power outputs are between 137 and 141 kW/kg/s. For the intercooled & 
regenerated cycle the specific power output is also fairly low, with small variations 
for the whole range of pressure ratios. The largest values are located at LPC pressure 
ratios of 2-2.5, where the maximum combined cycle thermal efficiency is obtained. 
Analogous to appendix IV, figures 9,33,57 and 81 of appendix V present the 
gas turbine to steam turbine power ratio. The simple cycle will have a ratio of 1.5 for 
the maximum combined cycle thermal efficiency pressure ratios. A slightly larger 
value, around 1.6, is obtained for the intercooled cycle configuration. For the 
regenerated cycle this ratio is 2.2, increasing up to 3 for the intercooled & 
regenerated one. 
The calculations of the auxiliary losses are shown in figures 10 to 13 for the 
simple cycle power plant arrangement, 34 to 37 for the intercooled cycle, 58 to 61 for 
the regenerated cycle and 82 to 85 for the intercooled & regenerated configuration. 
The considerations are similar than the ones made for the 1473 K SOT case, with the 
figures having a very similar shape, but lower values relative to the useful power 
output. 
The fuel to compressor inlet mass flow ratio can be found in figures 14,38,62 
and 86. The quantities of fuel required are even larger than for the 1473 K SOT 
cycles, with relative values up to 15 %. 
The gas turbine exhaust temperature (K), prior to the bottoming cycle heat 
recovery steam generator, is shown in figures 15,39,63 and 87 of App. V. The 
values are, due to the increase in SOT, higher than the ones found in the previous 
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section. The simple and intercooled cycles have temperatures larger than 1300 K, 
with, variations over 500 K for the range of pressure ratios considered. In the other 
two cycles the low pressure turbine discharge temperatures are considerably lower 
and more uniform for the complete range of pressure ratios (around 775-825 K for the 
regenerated and 650-750 K for the intercooled & regenerated plant). 
The HPT number of stages and cooling bleeds for the ' 
1650 K SOT cycles can be 
found in figures 16 to 19,40 to 43,64 to 67 and 88 to 91. The number of stages if 
very similar to the 1473 K SOT case, with a small reduction, due to the increase in 
the constant pressure specific heat and in the velocity of sound, although the flow 
through the turbine is lower, because the cooling flows are now considerably larger. 
For low cooling flow cycles, as the intercooled or intercooled & regenerated, the 
reduction in the number of stages with the increase in SOT is more evident. 
The LPT characteristics are given in figures 20 to 23,44 to 47,68 to 71 and 92 
to 95. As for the HPT, the number of stages is also very similar to the 1473 K case, 
and the cooling flows required are considerably larger, due to the higher temperature. 
The values of the optimum pressure for the steam turbine are presented in figures 
24,48,72 and 96 of appendix V. The highest value, found in the simple and 
intercooled cycles, is the same as for the 1473 K SOT case, due to the limitation in 
the maximum steam turbine operating temperature. For the regenerated and 
intercooled & regenerated cycle the steam cycle pressures are higher in the 1650 K 
SOT case, as the gas turbine exhaust temperature is now higher, but still lower than 
the maximum allowed by the steam turbine. 
7.11. POWER PLANT PERFORMANCE IMPROVEMENTS 
The efficiencies obtained with the configurations shown in figures 7.9 to 7.12 are 
considerably lower than those of a conventional open cycle gas turbine fitted with a 
steam turbine bottoming cycle. 
Nevertheless, carbon dioxide is a fairly good working fluid, with low constant 
pressure specific heat at low temperatures and lower compressor discharge 
temperature than the correspondent open cycle. Therefore, compressor work will be 
lower. At high temperatures the large change in the ratio of specific heats increases 
considerably the Cp and, although the turbine exit temperature is much higher than 
with air, the turbine work is just slightly lower. Hence, the reason for such a low 
value in the combined cycle thermal efficiency must be found in the large amount of 
energy employed for the oxygen separation plant (0.935 MJ/kg 0, for the case of 
pure oxygen and 0.828 MJ/kg 02 for the case of Oxygen/Argon) and to compress the 
large quantities of fuel required, due to the low heating value. The energy required to 
compress the excess C02 up to 60 bar contributes as well to the reduction in the 
efficiency. 
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A way to recover part of this energy is to employ the nitrogen resultant from the 
liquefaction process. Large quantities of cryogenic N. are produced, which can be 
used to cool the entry of the gas turbine. Furthermore, after precooling the working 
fluid the nitrogen is still at very low temperature (of the order of 265-270 K), and can 
be passed through internal NGVs and blade passages, serving as turbine cooling, as 
shown in figure 7.13. 
The implementation of the precooling system would require a considerable 
amount of development effort, due to the extremely low temperatures. However it 
seems feasible. 
An additional benefit, if cryogenic nitrogen is employed just for precooling, is the 
reduction in the turbine cooling mass flow, due to the lower compressor temperatures. 
The concept of blade cooling using an external flow is not new. Water, steam, 
etc. have been suggested as potential candidates. 38 In this case, the application of the 
cold nitrogen could be possible if there was no leakage. This will be difficult to 
achieve in a real machine, although it would yield an important benef"it in terms of 
thermal efficiency and specific power output. 
HMPRES"ECOWAWn 
OXYUK%ER Ala 
MASS FLOW DOEW 
CRYOGENIC NMTOOEN COOLM WA12R 
WATOW fXrR4C7VN 
II 
NfTROGEN 
GAS 7VRBINE WORIONG FLLAD 
STE4M AND WATER 
CWBUSTVR 
COOOVO WATER 
OEA*'PArOR 
Figure 7.13. Semi-closed combined cycle with additional N2 precooling and NGV internal cooling 
38 The General Electric 9001H, already in production, uses stcam for the NGVs cooling. 
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An additional way of rising the efficiency and specific power output will be the 
modification of the fuel. An increase in the heating value, modifying, for example, 
the hydrogen and/or methane content, will have the benefit of decreasing the fuel 
compressor work. The excess carbon dioxide compression power will also change. 
But, due to the fact that we are trying to design close to the 60 bar compressor 
discharge pressure region, this effect will be negligible or none. 
7.11-1. PERFORMANCE STUDY FOR THE 1650 K SOT CYCLES WITH 
CRYOGENIC NITROGEN PRECOOLING (APPENDIX VI) 
The complete plant combined cycle thermal efficiency for the 1650 K SOT cycle 
with cryogenic nitrogen precooling is given in figures 1,25,49 and 73 of Appendix 
VI. The simple cycle arrangement optimum values (qh -0.38+) are obtained at 
pressure ratios around 70. For the intercooled cycle the peak efficiencies (11h -0.38-) 
are found at a pressure ratios over 55 (LPC PR-5.5, HPC PR-10-11). The 
regenerated cycle peak values (tlh -0.40+) are obtained at pressure ratios around 35- 
40 and, finally, the intercooled & regenerated cycle maximum combined cycle 
thermal efficiencies (ijh -0.41-) take place at pressure ratios above 40 (LPC PR-5, 
HPC PR-8-9). The use of cryogenic nitrogen precooling increases the combined cycle 
thermal efficiency in 2 points. This efficiency improvement is very important for 
these semi-closed cycles, which have an important deficit compared with the 
conventional open cycles burning high calorific value fuels. 
The combined cycle ideal thermal efficiency of figures 2,26,50 and 74 achieves 
its peak value around 0.52-0.54 for the four cases, with an increase of 2 points 
relative to the 1650 K SOT conventional cycles. 
Figures 3,27,51 and 75 give the complete power plant simple cycle (gas turbine 
alone) thermal efficiency. The simple cycle configuration maximum efficiencies (71, h - 
0.22+) are obtained at pressure ratios above 100. For the intercooled cycle, the peak 
values (17,, -0.22-) are also obtained at pressure ratios larger than 100 (LPC PR-12, 
HPC PR-12). The regenerated cycle has its maximum values (t1th -0.28+) for 
pressure ratios around 40 (LPC PR-5, HPC PR-8). The intercooled & regenerated 
cycle maximum efficiencies (i7th -0.31+) are found at pressure ratios above 60 (LPC 
PR-8, HPC PR-8). The difference between these and the conventional 1650 K SOT 
cases is large, with an improvement of 2 to 5 points in efficiency. The reason is the 
large increase in the T41F'2 ratio, that is a key parameter for the cycle performance. In 
an open cycle the rise in efficiency would be more important, because the larger fuel 
flow required in the precooling cycles does not have the penalty present in the semi- 
closed cycle gas turbine (air separation and low calorific value fuel compression). 
The simple cycle ideal thermal efficiency is presented in figures 4,28,52 and 76 
of App. VI. The simple cycle arrangement has the lowest value of the four power 
plant configurations, with a value of i7th -0.37. The intercooled one has a maximum 
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ideal efficiency of il, -0.39. The regenerated cycle peak values are around 11, -0.41, 
and the intercooled & regenerated offers the best efficiency, with 11, -0.45-. 
The complete power plant combined cycle specific power output (kW/kg/s) is 
given in figures 5,29,53 and 77. The simple cycle arrangement has the maximum 
values (over 480 kW/kg/s) at pressure ratios around 20-25, while for the pressure 
ratios where the peak combined cycle efficiencies are found, the specific power output 
is around 460-470 kW/kg/s. The intercooled cycle has larger maximum values, 
around 500 kW/kg/s, and 480-490 kW/kg/s for the pressure ratios where the 
combined cycle efficiency is optimum. The explanation for the unconventional shape 
of the surface is easy: for the lowest LPC pressure ratios the temperature at the exit of 
this component is not high enough to have a standard intercooler, therefore the 
arrangement is of the simple cycle type. The regenerated cycle offers a poor specific 
power output, having the maximum values around 360-380 kW/kg/s for a very wide 
range of pressure ratios. Finally, the specific power output obtained with the 
intercooled & regenerated cycle arrangement has its peak values, around 400 
kW/kg/s, for high pressure ratios, while for the pressure ratios where the maximum 
efficiencies are located the specific power output is around 380-390 kW/kg/s. The 
increase, relative to the 1650 K SOT conventional cycle, is approximately 30-40 
kW/kg/s. 
The combined cycle ideal, specific power output (kW/kg/s) of figures 6,30,54 
and 78, follows a similar trend than the combined cycle specific power output, 
offering peak values around 150-175 kW/kg/s larger than the maximum found in that 
case. 
The specific power output (kW/kg/s) of the gas turbine alone is shown in figures 
7,31,55 and 79. The simple cycle configuration has a maximum value around 420 
kW/kg/s, coinciding with the pressure ratios of maximum combined cycle thermal 
efficiency. The intercooled cycle has the highest gas turbine specific power outputs, 
with values close to 500 kW/kg/s for pressure ratios over 100. For the pressure ratios 
where the peak combined cycle thermal efficiency occurs the gas turbine specific 
power output is around 430 kW/kg/s. The highest values for the regenerated cycle, 
400 kW/kg/s, are located at pressure ratios slightly larger than the ones where the 
maximum combined cycle thermal efficiencies take place. The specific power output 
of the intercooled & regenerated cycle has its peak value, around 470 kW/kg/s, for 
pressure ratios in excess of 100, with figures close to 400 kW/kg/s for the region of 
optimum combined cycle thermal efficiency. An average improvement of 40 kW/kg/s 
has been obtained relative to the conventional cycles operating at 1650 K SOT. 
The specific power output (kW/kg/s) of 
' 
the steam turbine bottoming cycle is 
presented in figures 8,32,56 and 80 of Appendix VI. In the simple, intercooling and 
intercooling & regenerated cycle arrangements the values are basically the same as the 
ones obtained with the non-precooling 1650 K SOT cycles. For the regenerated cycle 
a similar behaviour is also obtained, although the values are now slightly lower, with 
a decrease in the steam turbine specific power output of 20 kW/kg/s. 
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Figures 9,33,57 and 81 show the gas turbine to steam turbine power ratio. The 
simple cycle configuration will have a ratio of 2 for the pressure ratios of maximum 
combined cycle thermal efficiency, growing up to 2.2 for the intercooled cycle. In the 
regenerated cycle the ratio for the optimum combined cycle efficiency is 3.25, with 
values around 4-4.5 for the intercooled & regenerated arrangement. 
The auxiliary losses (kW/kg/s), including the excess C02/Argon compression, 
oxygen separation and fuel compression, are shown in figures 10 to 13 for the simple 
cycle power plant arrangement, 34 to 37 for the intercooled cycle, 58 to 61 for the 
regenerated cycle and 82 to 85 for the intercooled & regenerated configuration. The 
general behaviour is very similar to the one obtained in the conventional 1650 K SOT 
cycles of App. V, although the losses are now lower. 
The fuel to compressor inlet mass flow is given in figures 14,38,62 and 86. In 
the non-intercooIed cycles the fuel required is now larger than in the conventional 
1650 K SOT cycles, as the compressor discharge temperature is lower, In the 
intercooled cycles there will be no change, because the temperature at the entry of the 
combustor has not decreased due to the presence of the cryogenic nitrogen precooler. 
In the case of the intercooled cycle there is a clear discontinuity, caused, as explained 
before, by the impossibility of having an intercooler when the temperature at the exit 
of the LPC is not high enough. 
The gas turbine exit temperature (K), prior to the HRSG can be observed in 
figures 15,39,63 and 87. The values are very similar to the ones obtained for the 
non-precooled 1650 K SOT cycles, with minor differences caused by the differences 
in compressor work, cooling mass flows and temperatures. 
The number of stages and cooling bleeds of the high pressure turbine are given in 
figures 16 to 19,40 to 43,64 to 67 and 88 to 91. The number of stages for the simple 
and regenerated cycle arrangements is lower than for the non cryogenic precooling 
case, due, basically, to the reduction in the cooling flows. The intercooler and 
intercooler & regenerated cycles have similar figures in the 1650 K SOT conventional 
cycles of App. V and in the 1650 K SOT N2, cryogenic precooling cycles because the 
behaviour and cooling requirements of the high pressure spool are the same. 
The low pressure turbine number of stages and cooling flows are presented in 
figures 20 to 23,44 to 47,68 to 71 and 92 to 95. The conclusions are the same as the 
ones obtained for the HPT: in the simple and regenerated configurations the number 
of stages and cooling flows are lower than in the 1650 K SOT conventional cycles, 
while for the intercooler and intercooler & regenerated cycles the values are the 
almost the same with and without cryogenic precooler. 
The optimum steam turbine pressure is presented in figures 24,48,72 and 96. 
The values are, again, similar to the ones got in App. V, as the exhaust temperatures 
are roughly the same. 
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7.11.2. PERFORMANCE STUDY FOR THE 1650 K SOT CYCLES -WITH CRYOGENIC NITROGEN PRECOOLING AND NGVs NITROGEN INTERNAL 
COOLING (APPENDIX VII) 
In these cycles, along with N2 cryogenic precooling, the stators of the turbine will 
not require compressor cooling flow, because the nitrogen used for the precooling 
will be employed afterwards in the NGVs. This technique will have an improvement 
in the performance of the machine. 
The results of the simple, intercooler, regenerated and intercooled & regenerated 
power plant arrangements are given in appendix VIL In general the differences 
between having the cryogenic precooling with and without NGV nitrogen internal 
cooling are relatively small. In terms of efficiency the gain is smaller than one point. 
The improvement in combined cycle specific power output is around 30-40 kW/kg/s, 
with larger values in both, gas and steam turbine. The most clear gain is, of course, 
in the cooling flow requirements, with an over 50% reduction relative to the cycle 
without internal cooling. The reason for the relatively low improvement is clear: the 
decrease in cooling flow requires an additional fuel and oxygen injection, because the 
mass flow through the core will be larger. Therefore, although the power output 
increases, the auxiliary power required by the low heating value fuel compressor and 
by the air separation plant will also be larger. The ratio of auxiliaries to useful power 
ratio decreases, but not enough to have a noticeable effect on the combined cycle 
thermal efficiency. In a conventional open cycle gas turbine, where the high heating 
value fuel requires very small power for compression, the improvement caused by a 
reduction larger than 50% in the total amount of cooling flow will be very significant. 
7.12. POWER PLANT SELECTION 
Once all the power plant arrangements have been examined, the final design point 
selection should be carried out. Two cycles will be chosen: one representing the 
conservative approach and other for the advance c cle technology y C;,. f I 
Only the combined cycle arrangement, with the simple cycle gas turbine fitted 
with a steam turbine bottoming cycle, will be considered. The main reason is the 
extremely low thermal efficiency of the C02/Ar semi-closed cycle gas turbine, except 
for the intercooled & regenerated configuration, that has a peak value of 0.27, also 
considerably lower than the homologous advanced open cycle machines. 
7.12.1. CONSERVATIVE CYCLE SELECTION 
The cycles running at a design SOT of 1473 K, described in section 7.10.1 and 
Appendix IV, had a very similar complete plant combined cycle thermal efficiency 
and specific power output. The intercooled & regenerated cycle has a slightly better 
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efficiency, with the intercooled cycle showing the worst performance. However, the 
specific power output is larger for the intercooled and simple cycles, with lower 
values for the other two. The already complex cycle, due to the new technologies 
involved in its design and development, together with the substantial deterioration of 
the intercooler and regenerator during normal operation, that can modify the 
performance results shown in section 7.9., will favour the selection of the simple 
cycle machine. The overall pressure ratio would be close to 60, to simplify, or 
eliminate, the excess C02/Argon compression system. 
7.12.2. ADVANCED CYCLE SELECTION 
These cycles, operating at a design SOT of 1650 K and with the possibility of 
using a cryogenic nitrogen precooler and a nitrogen turbine stator cooling, are 
described in sections 7.10.2 (standard cycle), 7.11.1 (with cryogenic precooler) and 
7.11.2 (with cryogenic precooler & NGVs internal cooling). 
Bearing in mind that these cycles would be developed in several years, the 
possibility of using the precooler and the turbine stator internal cooling seems 
feasible. 
The efficiency and specific power output combination of the simple cycle tend to 
favour this arrangement, although the intercooled & regenerated configuration is also 
very attractive. Due to the new and advanced technologies involved in the design and 
development of such power plants, and considering these as cycles for the future, it 
will be interesting to evaluate both possibilities, unless the off-design analysis favour, 
clearly, one of them. 
CHAPTER 8 
OFF-DESIGN PERFORMANCE OF 
C021ARGON SEMI-CLOSED CYCLES 
OFF-DESIGN PERFORMANCE OF CO., IARGON SEMI-CLOSED CYCLES 
8.1. INTRODUCTION 
8.1 
As it was outlined in chapter 7, after a preliminary selection of a cycle design 
point, the off-design study should be carried out in order to verify that the 
performance requirements for all the representative operating points of the machine is 
fulfilled. The necessity of variable geometry (variable compressor and/or turbine 
stators, variable bleed valves, ... ) will be also determined during this exercise. 
In an open cycle the changes in compressor inlet conditions (pressure and 
temperature) are significant. However, in the semi-closed cycles the inlet conditions 
are fairly stable, depending only on the water used in the precooler. For that reason, 
while for open cycles variations in ambient temperature between -20*C and 50*C and 
pressure between 110 kPa and 75 kPa can take place, for semi-closed cycles the inlet 
temperature will be fairly constant, with oscillations of ±10 K as an average. For the 
same reason, if an intercooler is employed, the gas exit temperature will also be very 
stable, with a variation of ±10 K. The pressure will also be constant and, although the 
closed cycles can change the power output just by increasing the pressure level (hence 
the mass flow) across the cycle, that is not the case for the semi-closed cycle 
considered here. The reason is the necessity of water condensation before entering the 
LPC. Small pressure changes could be made but, initially, this situation will not be 
considered. 
In the case of the semi-closed cycle employing cryogenic nitrogen for additional 
precooling, the inlet temperature will change according to the amount of fuel burnt. 
8.2. CYCLES CONSIDERED FOR THE OFF-DESIGN STUDY 
Two cycles have been considered for the preliminary off-design study: 
Two spool - three shaft gas turbine with a design SOT of 1473 K (CYCLE 1: LP 
compressor - HP compressor - combustor - HP turbine - LP turbine - Power 
turbine). 
Two spool - two shaft gas turbine with a design SOT of 1473 K (CYCLE II: LP 
compressor - HP compressor - combustor - HP turbine - LP turbine) 
For the detailed off-design three cycles have been selected: 
Two spool - two shaft gas turbine with a design SOT of 1650 K (CYCLE III: LP 
compressor - HP compressor - combustor - HP turbine - LP turbine) 
Two spool - two shaft gas turbine with cryogenic N2 precooler, N2 turbine stator 
internal cooling and design SOT of 1650 K (CYCLE IV: Nitrogen precooler - LP 
compressor - HP compressor - combustor - HP turbine - LP turbine ) 
Two spool - two shaft intercooled & regenerated gas turbine with cryogenic N2 
precooler, N. turbine stator internal cooling and design SOT of 1650 K (CYCLE 
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V: Nitrogen precooler - LP compressor - intercooler - HP compressor - cold side 
of regenerator - combustor - HP turbine - LP turbine - hot side of regenerator) 
During the design point selection, carried out in the previous chapter, the 
component efficiencies were the same for the conservative and advanced technology 
cycles. However, for the final study, some minor modifications will be introduced in 
order to consider the possible improvement in the turbomachinery associated with the 
advanced technology. 
The performance parameters, at design point, employed in these five cycles have 
been: 
TABLE 8.1. - DESIGN POINT PERFORMANCE PARAMETERS 
I II III IV V 
Low pressure compressor total inlet 
temperature (K) 
300 300 300 216 237 
Inlet pressure losses 0.50 0.50 10.50 0.50 0.50 
Low pressure compressor adiabatic 
efficiencyl (%) 
85.8 85.8 87.9 88.1 88.2 
Low pressure compressor pressure ratio 6.00 6.00 7.00 5.00 5.00 
Low pressure compressor surge margin 30.0 30.0 142.0 37.0 37.0 
Intercompressor casing pressure losses 0.20 0.20 1 0.20 0.20 0.20 
High pressure compressor adiabatic 
efficienCy2 
85.8 85.8 1 86.9 86.2 86.2 
High pressure compressor pressure ratio 8.00 8.00 8.00 12.0 12.0 
High pressure compressor surge margin 33.0 33.0 45.0 50.0 50.0 
LPT blade cooling extraction point, as per 
(H2j. S-H25)1(H3-H25)* 100 
45.0 45.0 45.0 45.0 45.0 
Polytropic efficiency loss in the LPT cooling 
bleed due to walls (%) 
5.00 5.00 5.00 5.00 5.00 
I 
Excess mass flow compressor polytropic 
L 
efficiency (%) 
85.0 
I 
85.0 
I 
85.0 
I 
85.0 
As the development would take place in not less than 10 years, a 2% improvement in LPC 
polytropic efficiency has been considered in the cycles selected for the final off-design study. 
As the development would take place in not less than 10 years, a 2% improvement in HPC 
polytropic efficiency has been considered in the cycles selected for the final off-design study. 
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External consumption maximum bleed 1.00 1.00 1.00 1.00 1.00 
Combustor efficiency (%) 99.9 99.9 99.9 99.9 99.9 
Combustor & diff-user pressure losses 5.00 5.00 4.50 
14.50 
4.50 
Bumer outlet temperature (K) 1510 1510 1720 1650 1650 
Stator outlet temperature (K) 1473 1473 1650 1650 1650 
I 
High pressure turbine polytropic efficiency 
M 
87.9 87.9 87.9 87.7 
I 
87.7 
High pressure shaft friction losses 0.10 0.10 0.10 0.10 0.10 
High pressure shaft power off-take & 
additional losses (%) 
0.40 0.40 0.40 0.40 0.40 
I 
HPT nozzle guide vanes metal temperature3 1100 1100 1100 1100 1100 
HPT blade metal temperature4 (K) 1075 1075 1075 1075 1075 
HPT stage loading (W=AHIU2) 1.70 1.70 1.70 1.70 1.70 
HPT blade speed (MU) 0.50 0.50 0.50 
1 
0.50 0.50 
HPT nozzle guide vanes cooling technology FCFC FCFC FCFC FCFC FCFC 
HPT blades cooling technology FCFC FCFC FCFC NIC NIC 
Low pressure turbine polytropic efficiency 
M 
87.6 89.1 89.2 89.3 89.3 
Low pressure shaft friction losses 0.10 0.10 0.10 0.10 0.10 
Low pressure shaft power off-take & 
additional losses (%) 
0.10 0.30 0.30 0.30 0.30 
LPT nozzle guide vanes metal temperature5 1075 1075 1075 1075 
1 
1075 
6(K) 1 LPT blade metal temperature 1050 
1 1050 1 1050 1 1050 1050 
3 Ile HPT NGVs metal temperature will be reduced from 1100 K down to 1050 K if sulphur 
becomes a problem. 
The HPT blade metal temperature will be reduced from 1075 K down to 1025 K if sulphur 
becomes a problem. 
7be LPT NGVs metal temperature will be reduced from 1075 K down to 1025 K if sulphur 
becomes a problem. 
The LPT blade metal temperature will be reduced from 1050 K down to 1000 K if sulphur 
becomes a problem. 
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LPT stage loading ('F=AHIU2) 1.70 1.70 1.70 1.70 1.70 
LPT blade speed (MU) 0.45 0.45 0.45 0.45 0.45 
LPT nozzle guide vanes cooling technology FCFC FCFC FCFC , 
FCFC FCFC 
LPT blades cooling technology FCFC FCFC FCFC NIC NIC 
LPT exhaust guide vanes & diffuser pressure 
losses (%) 
N/A 0.5 0.5 
I 
0.5 0.5 
Power turbine polytropic efficiency 88.4 N/A N/A N/A N/A 
Power turbine shaft friction losses M 0.10 N/A N/A N/A N/A 
Power turbine shaft power off-take & 
additional losses (%) 
0.20 N/A 
I 
NIA N/A N/A 
PT nozzle guide vanes metal temperature' (K) 1075 N/A N/A N/A N/A 
PT blade metal temperatureg (K) 1050 N/A N/A N/A N/A 
PT stage loading (W=AHIU2) 1.70 N/A N/A N/A N/A 
PT blade speed (MU) 0.40 N/A N/A N/A N/A 
PT nozzle guide vanes cooling technology FCFC N/A N/A N/A N/A 
PT blades cooling technology FCFC N/A N/A NIA N/A 
PT exhaust guide vanes & diffuser pressure 
losses (%) 
0.50 N/A N/A N/A N/A 
Generator losses 2.00 2.00 2.00 2.00 2.00 
Bottoming cycle heat exchanger pressure 
losses (%) 
5.00 5.00 
I 
5.00 5.00 5.00 
Minimum temperature at the exit of the 
bottoming cycle heat exchanger (K) 
420 420 420 420 420 
Precooler pressure losses 2.00 2.00 2.00 2.00 2.00 
Nozzle pressure ratio 1.02 1.02 1.02 1.02 1.02 
The PT NGVs metal temperature will be reduced from 1075 K down to 1025 K if sulphur 
becomes a problem. 
The PT blade metal temperature will be reduced from 1050 K down to 1000 K if sulphur becomes 
a problem. 
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8.3. PRELIMINARY OFF-DESIGN STUDIES 
Initially, a simple simulation was run for the first two configurations, operating at 
a SOT of 1200"C. The exercise was performed without any variable geometry in the 
turbomachinery, to evaluate the necessity of this feature, as well as the general 
behaviour of the machine in simple (gas turbine) and combined cycle (gas+stearn 
turbine) arrangement. 
The running lines of the compressors are shown in figures 8.1 to 8.4, with the 
resultant surge margin plotted in figures 8.11 and 8.12. Looking at these results it is 
clear that the LPC will need variable geometry to comply with the restriction of a 
minimum surge margin of 10%. Initially, the HPC will not require variable stators, 
although a more detailed study would be needed prior to a final decision of having a 
high pressure compressor with variable geometry, anti-surge valves, or other solution 
to prevent surge. 
Simple and combined cycle thermal efficiency9 and specific power output are 
plotted in figures 8.5 to 8.8. The value of the simple cycle thermal efficiency is too 
low for an industrial machine. The combined cycle offers a better performance, 
although still far from the 60% obtained with a modem power plant. 
The relative power for both, simple and combined cycles, is shown in figures 8.9 
and 8.10 respectively, taking as a baseline the design power of CYCLE I. 
The exhaust temperature is plotted in figure 8.13. 
9 In both, preliminary and final off-design assessments, the power required to compress the excess 
C02 up to 60 bars, the one needed for the air liquefaction, the additional power required to liquefy 
the air used by the coal gasifier burner (50% relative to the air employed by the gas turbine), as 
well as the energy necessary to compress the low calorific value synthetic gas fuel, have been 
considered for the thermal efficiency calculations. In some studies and papers related with low 
calorific value gases, the supplementary energy required to generate and compress them is not 
considered, making the efficiency figure larger than it is in reality. 
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Figure 8.1. Low pressure compressor operating line 
(CYCLE 1) 
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Figure 8.3. High pressure compressor operating line 
(CYCLE I) 
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Figure 8.4. High pressure compressor operating line 
(CYCLE II) 
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Figure 8.5. Simple cycle thermal efficiency 
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Figure 8.6. Combined cycle thermal efficiency 
(CYCLES I and II) 
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SIMPLE CYCLE SPECIFIC POKER OUTPUr 
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Figure 8.7. Simple cycle specific power output (kWlkgls) 
(CYCLES I and II) 
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Figure 8.8. Combined cycle specific power output (kWlkgls) 
(CYCLES I and II) 
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SIMPLE C YCLE RELA 77 VE PO kWR 
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Figure 8.9. Simple cycle reWive power (baseline: design power of CYCLE 1) 
(CYCLES I and II) 
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Figure 8.10. Combined cycle relative power (baseline: design power of CYCLE 1) 
(CYCLES I and 11) 
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Figure 8.11. Low pressure compressor surge margin 
(CYCLES I and 11) 
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Figure 8.12. High pressure compressor surge margin 
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Figure 8.13. Erhaust gas temperature (K) 
(CYCLES I and II) 
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84 OFF-DESIGN OF THE TWO SPOOL-TWO SHAFT GAS 
TURBINE AT SOT=1650 K 
Temperatures, pressures, etc. of CYCLE III, IV and V, described in section 8.2, 
would be the real target for the semi-closed cycle technology. Due to the relatively 
low thermal efficiency, high technology required and fuel availability, it is unlikely 
that such cycle will be built in the near future. However, in the mid-long term ftiture, 
if natural gas sources decrease, this kind of technology could be attractive. Therefore, 
the high temperature and advance technologies considered will not be, probably, a 
ma or problem. i 
8.4.1. OFF-DESIGN PERFORMANCE STUDY AT BASELINE PRE & INTER- 
COOLER TEMPERATURE: COMPARISON BETWEEN CYCLES 111, IV AND V 
As it was outlined in the first section of this chapter, inlet temperature (prior to 
the cryogenic precooler) and intercooler temperature, will not suffer large changes. 
Therefore, the baseline off-design simulation, which runs at 300 K inlet temperature, 
for the conventional precooler, and 310 K intercooler exit temperature, will be very 
representative of the behaviour of the cycles. 
In all cases, when the LPC surge margin decreases below 10%, variable stators 
were employed to ensure safe compressor operation. In the case of the HPC the 
minimum surge margin control with variable geometry was not initially considered, 
because this problem appeared only at very low power settings, hence the complexity 
of the turbomachinery design could be avoided using variable bleed valves at those 
extreme conditions. However, a more detailed study is required. 
Low and high pressure compressor operating lines for the three cycles are plotted 
in figures 8.14 to 8.19. The LPC behaviour is shown with and without variable 
stators (solid and dotted lines respectively), with the component characteristics plotted 
for the fully open and fully close positions. From these figures, the variable geometry 
requirement for the low pressure compressor can be understood. Also, for CYCLE IV 
and V, the high pressure compressor will require a system to increase the surge 
margin. 
Figures 8.20 and 8.21 show the combined cycle thermal efficiency and relative 
power output. At design point the intercooled & regenerated cycle with precooling 
offers the best efficiency, but at off-design the simple cycle with precooling is better. 
This cycle is also the best one in terms of power output, although for SOTs lower 
than 1400 K the three configurations have a similar behaviour. 
The simple cycle thermal efficiency and relative power output, figures 8.22 and 
23 respectively, do not follow the same tendency, with the intercooled & regenerated 
arrangement offering the best performance in both parameters. For the efficiency, the 
differences at design point are significant, with over 10 points relative to the simple 
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cycle with cryogenic precooling and over 15 points when compared with the 
conventional simple cycle. 
The combined cycle specific power output (kW/kg/s), presented in figure 8.24, is 
around 20% larger for the simple cycle with precooling compared with the 
intercooled & regenerated cycle and the simple cycle. The last two configurations 
have similar values, although slightly lower for the simple cycle. 
If the specific power output (kW/kg/s) of the turbine alone, figure 8.25, is now 
considered, the intercooled and regenerated cycle exhibits the best performance, 
although the difference with the cryogenic precooling simple cycle is not very large, 
specially close to design point operating conditions. For this region the simple cycle 
offers a poor behaviour, when compared with the other two. 
The relative inlet mass flow at off-design, shown in figure 8.26, is very different 
for the three cycles. The simple cycle has, for the same SOT, substantially larger inlet 
mass flow than the intercooled and regenerated one, with this having also 
considerably higher values than the cryogenic precooling simple cycle. 
The low pressure compressor surge margin, presented in figure 8.26, decreases 
very quickly, when the turbine entry temperature is reduced, requiring variable 
geometry for most of ' 
the operating range. The problem is even worst for the N2 
precooling cycle, which demands variable stators for SOTs just below 1500 K. The 
other two cycles need this system for SOTs lower than 1400 K. 
The variable stator angle capable of maintaining a 10% surge margin, in the low 
pressure compressor is shown in figure 8.28. As can be easily appreciated, the values 
for low power settings are extremely. large, -, and it can be questioned feasibility of the 
solution for these operating points. If the angles were limited to a maximum of 30- 
350, and no other surge margin control mechanism was employed, the simple and the 
intercooled & regenerated cycles could not operate below 10-15% power. With the 
same restriction, the simple cycle with N2 precooling could not work below 20% 
power. Bearing in mind that the machine will be dedicated to electricity generation, 
operating between 70% and full power most of the time, the situations that are not 
covered by the variable geometry could be solved by the introduction of bleed valves. 
This solution will alleviate the variable stators turbomachinery design problem. 
ý The high pressure compressor surge margin, presented in figure 8.29, is adequate 
in the case of the simple cycle. However, for the simple cycle with cryogenic 
precooling and the intercooled & regenerated cycle, the surge margin shows a 
substantial decrease at low power setting conditions. For SOTs below 1050-1100 K 
the value is lower than 10%. As mentioned at the beginning of this section, no 
additional control was initially introduced to overcome this problem. Bleed valves and 
variable stators should be evaluated. 
The fuel to compressor inlet mass flow ratio is shown in figure 8.30. Due to the 
very low Fuel Heating Value associated to synthetic gas, ratios of 10 to 13% are 
found. The largest values correspond to the simple cycle with cryogenic precooling. 
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The other two cycles have very similar figures. Typically, the intercooled & 
regenerated cycle would have lower fuel to compressor mass flow ratio than the 
simple cycle. But, it must be considered that intercooled & regenerated cycle has also 
cryogenic nitrogen precooling, that increases the fuel demand due to the reduction in 
compressor discharge temperature. 
The control parameters are presented in figure 8.31, turbine exhaust temperature 
vs. SOT, figure 8.32, turbine exhaust temperature vs. relative power, figure 8.33, 
high pressure spool speed vs. SOT and figure 8.34, high pressure spool speed vs. 
relative power. The simple cycle with cryogenic precooling will be, initially, more 
difficult to control. The sensibility of power output to variations in high pressure 
spool speed at high power settings, and turbine exhaust temperature at lower power 
settings, is poorer than for the other two cycles. 
The low pressure compressor inlet temperature is presented in figure 8.35, 
showing the cryogenic precooling effect in CYCLE IV and V. The reduction in SOT, 
hence in fuel demand, leads to an increase in inlet temperature. 
8.4.2. OFF-DESIGN OF THE CRYOGENIC PRECOOLING SIMPLE CYCLE 
WITH NGVs NITROGEN INTERNAL COOLING AT DIFFERENT INLET 
TEMPERATURES 
Although the conventional precooler exit temperatures will not suffer large 
changes, oscillations of ±10 K can be found'O. Therefore, it is necessary to study the 
performance variations of the power plant at different inlet temperatures. 
For the base temperature operation, when the LPC surge margin decreased below 
10%, variable stators were employed to maintain this minimum surge margin. For the 
±10 K cases the stator law previously found has not been modified, to be able to 
evaluate if a single schedule can be used for different operating temperatures. 
The figure with the operating lines for the three cases has not been included, 
because there was almost no difference between them. 
Figure 8.36 gives the combined cycle thermal efficiency for the three 
temperatures, the main characteristic being the small variation at full power. On the 
other hand, the combined cycle relative power output, shown in figure 8.37, changes 
substantially with the inlet temperature, specially at high power settings. 
10 The change in precooler temperature will be caused by the variation in the temperature of the 
cooling water and/or the deterioration of the heat exchangers. The temperature at the exit of the 
cryogenic precooler will be modified as a consequence of the change in its inlet (exit of the 
conventional precooler) conditions, fuel flow demand (change in nitrogen available for cryogenic 
precooling), etc. 
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The simple cycle (gas turbine alone) thermal efficiency of figure 8.38 follows a 
behaviour similar to the combined cycle efficiency, having a relatively small 
difference for the largest SOTs, increasing this difference when reducing the power. 
The relative power output for this configuration, given in figure 8.39, is almost 
identical to the combined cycle relative power output. 
The combined cycle specific power output, shown in figure 8.40, is almost the 
same for the three conditions, with the low inlet temperature cycle performing slightly 
better. For the simple cycle specific power output, figure 8.41, the differences 
between the three cases are larger, specially at low SOTs, with the T,, 0K case 
having always the best performance. 
The relative mass flow has also a significant variation with inlet temperature. The 
largest differences take place for the highest SOTs, as can be seen in figure 8.42. 
The LPC surge margin, figure 8.43, is extremely close to zero for the Tref+ 10 K 
case. Therefore it would be necessary to modify the stator law with the inlet 
temperature. A simple shift of 3-41' seems to be enough. A similar behaviour can be 
observed for the HPC surge margin, shown in figure 8.45, decreasing the value as the 
inlet temperature increases. 
The fuel to compressor inlet mass flow ratio, given in figure 8.46, is very similar 
for the three temperatures considered, being slightly larger for the lowest inlet 
temperature. 
The high pressure spool speed vs. SOT, shown in figure 8.49, is not affected by 
inlet temperature variations. That is not the case if the speed is plotted against the 
relative power output (figure 8.50). The other main control parameter, the exhaust 
gas temperature, is shown in figures 8.47 and 8.48, changing considerably with the 
inlet temperature. 
The low pressure compressor inlet temperature is plotted in figure 8.51 for the 
three cases. As a result of the ±10 K change in the conventional precooler exit 
temperature, the actual inlet temperature to the machine is modified in almost the 
same value. 
8.4.3. OFF-DESIGN OF THE INTERCOOLED & REGENERATED CYCLE 
WITH CRYOGENIC PRECOOLER AND NGVS NITROGEN INTERNAL 
COOLING AT DIFFERENT INLET AND INTERCOOLER TEMPERATURES 
The off-design behaviour of this cycle will be examined for changes of ±10 K in 
the conventional precooler and intercooler exit temperatures. 
As in previous sections, the stator schedule has not been modified, to evaluate the 
possibility of using a single law for different operating temperatures. 
The combined cycle thermal efficiency is given in figure 8.52. For SOTs above 
1400 K the variation is very small. Then kink point at 1150-1200 K is caused by the 
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change from combined cycle to simple cycle, as the gas turbine exhaust temperature is 
not high enough to produce steam for the bottoming cycle. 
For power settings close to 100%, the simple cycle thermal efficiency of figure 
8.54 does not alter its value due to variations in inlet and intercooler temperatures, 
having large differences when decreasing the SOT. 
As in the previous cycle, combined cycle relative power (figure 8.53) and simple 
cycle relative power (figure 8.55) are very sensitive to changes in inlet and intercooler 
temperatures, specially at high SOTs. 
The combined cycle specific power output, given in figure 8.56, is almost the 
same for the three conditions at high power settings. At low SOTs, when the turbine 
exit temperature is not enough to generate steam, becoming a simple cycle, the 
difference is larger. This conclusion matches with figure 8.57, where specific power 
output of the gas turbine alone is plotted. For both configurations, simple and 
combined cycle, the lowest temperature case, T,., f -10 K, offers the best performance. 
The inlet relative mass flow has a significant variation with the changes in 
temperature. The differences are of the same order for the complete range of SOTs 
considered, as can be observed in figure 8.58. 
The LPC surge margin is given in figure 8.59. For the largest temperature cycle, 
the compressor will approach, dangerously, the surge line. The HPC surge margin, 
shown in figure 8.61, is also lower for the T,, f +10 K case, with the operating line 
close to surge at low power settings. 
The fuel to compressor inlet mass flow ratio, given in figure 8.62, is basically the 
same for the three temperatures considered and the complete range of SOTs. 
The exhaust gas temperature, shown in figures 8.63 and 8.64, changes 
considerably for the three cases. Therefore, this parameter is very adequate for the 
control of the machine. 
The high pressure spool speed vs. SOT, shown in figure 8.65, is almost 
independent of the conventional precooler and intercooler temperatures. However, if 
the speed is plotted against the relative power output, figure 8.66, three curves can be 
easily distinguished. 
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Figure 8.14. Low pressure compressor operating line (with variable stators effect on map) 
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Figure 8.16. Low pressure compressor operating line (with variable stators effect on map) 
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Figure 8.17. High pressure compressor operating Une 
(CYCLE M 
10 20 30 40 50 60 70 so 90 100 110 
CORRECTED FLOW 
8.20 
OFF-DESIGN PERFORMANCE OF C021ARGON SEMI-CLOSED CYCLES 
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Figure 8.18. Low pressure compressor operating line (with variable stators effect on map) 
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Figure 8.19. High pressure compressor operating line 
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Figure 8.20. Combined cycle thermal efficiency 
(CYCLES III, IV and V) 
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Figure 8.21. Combined cycle relative power (baseline: design power of CYCLE I) 
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OFF-DESIGN PERFORMANCE OF C021ARGON SEMI-CLOSED CYCLES 
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Figure 8.22. Simple cycle thermal efficiency 
(CYCLES 111, IV and V) 
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Figure 8.23. Simple cycle relative power (baseline: design power of CYCLE 1) 
(CYCLES III, IV and V) 
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OFF-DESIGN PERFORMANCE OF COVARGON SEMI-CLOSED CYCLES 
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Figure 8.24. Combined cycle specific power output (k Wlkgls) 
(CYCLES III, IV and V) 
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Figure 8.25. Simple cycle specific power output (k Wlkgls) 
(CYCLES III, IV and V, - k Wlkgls) 
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OFF-DESIGN PERFORMANCE OF C021ARGON SEMI-CLOSED CYCLES 
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Figure 8.26. ReWve compressor inlet mass flow 
(CYCLES III, IV and Vq 
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Figure 8.27. Low pressure compressor surge margin 
(CYCLES III, IV and V) 
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Figure 8.28. Low pressure eompressor variable stators angle 
(CYCLES III, IV and V) 
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Figure 8.29. High pressure compressor surge margin 
(CYCLES 111, IV and IV) 
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Figure 8.30. Fuel to compressor inlet mass flow ratio 
(CYCLES III, IV and V) 
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Figure 8.31. Turbine exhaust temperature vs. SOT 
(CYCLES III, IV and IV) 
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OFF-DESIGN PERFORMANCE OF C021ARGON SEMI-CLOSED CYCLES 
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Figure 8.32. Turbine exhaust temperature vs. relative power 
(CYCLES III, IV and V) 
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Figure 8.33. High pressure spool speed vs. SOT 
(CYCLES III, IV and V) 
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OFF-DESIGN PERFORMANCE OF C021ARGON SEMI-CLOSED CYCLES 
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Figure 8.34. High pressure spool speed vs. reWye power 
(CYCLES III, IV and V) 
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Figure 8.35. Low pressure compressor inlet temperature (after the precoolers) 
(CYCLES III, IV and 19 
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OFF-DESIGN PERFORMANCE OF CO., IARGON SEMI-CLOSED CYCLES 
COMBINED CYCLE THERAUL EFFICIENCY 
C021ARGON SEMI-CLOSED CYCLE 
0.5 
0.4 
0 3 . 
Simple Cycle vvith Precooling 
02- (Tref-10 K) 
Smplo Cycle with Precooling 
0.1 Smple Cycle with Precooling 
(Trof +10 K) 
0 
900 1000 1100 1200 1300 1400 1500 1600 1700 
SOT W 
Figure 8.36. Combined cycle ther7nal efficiency 
(CYCLE IV at Trf and Trej±IO K) 
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Figure 8.37. Combined cycle relative power (baseline: design power of CYCLE V at Tref) 
(CYCLE IV at T,, f and T,,, 410 K) 
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Figure 8.38. Simple cycle thermal efficiency 
(CYCLE IV at Tref and T,,, AI 0 K) 
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Figure 8.39. Simple cycle reWive power (baseline: design power of CYCLE IV at Tref) 
(CYCLES IV at Tref and Trep 0 K) 
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COM&NED CYCLE SPECIFIC POWER OUTPUT 
C021ARGON SEMI-CLOSED CYCLE 
700 
600- 
500 
th 400 
300- Simple Cycle with Precooling (Trof -10 K) 
200 Simple Cycle vAth Precooling 
100- Simple Cycle with Precooling O"- I ITref + 10 K) VO 
0 !: q-- 
900 1000 1100 1200 1300 1400 1600 1600 1700 
SOTW 
Figure 8.40. Combined cycle speciflc power output (k Wlkgls) 
(CYCLE IV at Tref and TrellO K) 
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Figure 8.41. Simple cycle specift power output (kWlkgls) 
(CYCLE IV at Tref and TrejfIO K) 
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Figure 8.42. Relative mass flow (baseline: mass flow of CYCLE IV at Tref) 
(CYCLE IV at TIref and T,, jilo K) 
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Figure 8.43. Low pressure eompressor surge margin 
(CYCLE IV at Tref and Trt, 410 K) 
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Figure 8.44. Low pressure compressor variable stators angle 
(CYCLE IV at Tref and TrePO K) 
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Figure 8.45. High pressure compressor surge margin 
(CYCLE IV at Tref and T,,, 410 K) 
8.34 
OFF-DESIGN PERFORMANCE OF C021ARGON SEMI-CLOSED CYCLES 
FUEL TO COMPRESSOR INLET AU SS FL 0W R4 TO 
C021ARGON SEW CLOSED CYCLE 
0.13 
0.11 
0 09 
1 0ow- 
. 
Simple Cycle with Precooling 
0.07 (Trof -10 K) 
'ZI Simple Cycle with Precooling 
0.05 
Simple Cycle with Precooling 
(Trof +10 K) 
0 03 . 
900 1000 1100 1200 1300 1400 1500 1600 1700 
SOT(K) 
Figure 8.46. Fuel to compressor inlet mass flow ratio 
(CYCLE IV at Tref and TrePO K) 
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Figure 8.47. Turbine exhaust temperature vs. SOT 
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Figure 8.48. Turbine exhaust temperature vs. relative power 
(CYCLE IV at Trf and T,, jf]O K) 
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Figure 8.49. High pressure spool speed vs. SOT 
(CYCLE IV at Tref and T,, I±l 0 K) 
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Figure 8.50. High pressure spool speed vs. reMve Power 
(CYCLE IV at Tref and TrejdIO K) 
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Figure 8.51. Low pressure compressor inlet temperature (after the precoolers) 
(CYCLE IV at Tref and TrePO K) 
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Figure 8.52. Combined cycle thermal efficiency 
(CYCLE Vat Tref and TreAI 0 K) 
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Figure 8.53. Combined cycle reWive power (basehne: design power of CYCLE V at Tref) 
(CYCLE Vat Tref and Tre, 41 0 K) 
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Figure 8.54. Simple cycle thermal efficiency 
(CYCLE Vat Tref and TreAIO K) 
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Figure 8.55. Simple cycle reWive power (baseline: design power of CYCLE Vat Tref) 
(CYCLES V at Tref and Treffl 0 K) 
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Figure 8.56. Combined cycle speciftc power output (kWlkgls) 
(CYCLE Vat Tref and TreflIO K) 
SIMPLE CYCLE SPECIFIC POWER OUTPUT 
C021ARGON SEMI-CLOSED CYCLE 
400 
350 
300 
250 
' 
200 Intercooled & Regenerated 
Cycfe with Precooling (Trot-10 K)ý 
150 i 
Intercooled & Regenerated 
100 
CVda Wth Precooling 
III Intercooled & Regenerated 
50- C d Ath P c fi IT f 10 K y ev re oo ng ro + ) 
0 
J 
- 
900 1000 1100 1200 1300 1400 1500 1600 1700 
SOT M 
Figure 8.57. Simple cycle specific powero. utput (kWlkgls) 
(CYCLE Vat Tref and Trep 0 K) 
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Figure 8.58. Relative mass flow (baseline: mass flow of CYCLE Vat Tref) 
(CYCLE Vat Tref and Trrj&l 0 K) 
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Figure 8.59. Low pressure compressor surge margin 
(CYCLE Vat Tref and T,, PO K) 
8.41 
OFF-DESIGN PERFORMANCE OF C021ARGON SEMI-CLOSED CYCLES 
LPC VARMBLE S TA TORS ANGLE 
C021ARGON SEW-CLOSED CYCLE 
60 
40 d&R d I t l egenerate n ercoo e 
Cycle vAth PracWing (Tref-10 K) 
30 
13 Intercooled & Regenerated 
Cycle vvith Precooling 
Intercooled & Regenerated 
20 Cycle vAth Precooling (Trof + 10 K) 
10 
0 
900 1000 1100 1200 1300 1400 1500 1600 1700 
SOT W 
Figure 8.60. Low pressure compressor variable stators angle 
(CYCLE Vat Tref and Trep 0 K) 
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Figure 8.61. High pressure compressor surge margin 
(CYCLE Vat Tref and T,, PO K) 
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Figure 8.62. Fuel to compressor inlet massflow ratio 
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8.5. STARTING AND IDLE HANDLING OF THE SEMI-CLOSED 
CYCLE GAS TURBINE 
This section outlines the starting and idle handling of the semi-closed cycle gas 
turbine. 
Starting is considered to be the phase beginning with the engine stationary and 
ending with the engine at synchronous speed and no load, with air as working fluid 
and natural gas fuel. The engine is started from rest by external power coupled to the 
HP shaft, and brought to synchronous speed. 
The idle handling involves the change of working fluid, from air to carbon 
dioxide/argon, and the switch of fuel, from natural gas to coal synthetic gas. 
Operating lines of the starting, change in working fluid and loading up to full 
power of CYCLE III are shown in figures 8.68 and 8.69 for the LPC and HPC 
respectively. Variable stator schedule, shaft speeds, temperatures, etc. will be shown 
for the different parts of the process. 
8.5.1. STARTING 
This phase starts with the rotor at rest. Power is provided from an external 
source, bringing the gas turbine to a self sustaining condition. Then, the engine is 
accelerated to the LP shaft design speed. 
The performance at these conditions is, as with all gas turbines, very difficult to 
predict, because the behaviour of the individual components is not well understood. 
The power of the auxiliary starting device required to bring the LP shaft to a 
speed of about 70 percent is estimated to be around I% of the power supplied by the 
gas turbine at its design point, or 0.6% of the combined cycle power at the same 
operating point. This speed and power were chosen after examining figure 8.70, 
where the high pressure spool power is given. It appears to be at this condition where 
an acceptable performance level of all the components is got. High pressure shaft 
speed is shown in figure 8.71. Variable stator setting for LP and HP compressors is 
plotted in figures 8.72 and 8.73. Tyrbine inlet (stator outlet) and exit temperatures are 
given in figures 8.74 and 8.75. Fýr very low speeds, below 67.5%, the turbine exit 
temperature achieves a limiting ýalue of 590*C. This behaviour is consistent with the 
low pressure ratio at this operating conditions. The fuel to compressor inlet mass flow 
ratio is shown in figure 8.76. 
8.5.2. CHANGE OF WORKING FLUID AND FUEL AT IDLE 
Once the engine has stabilised at synchronous idle, the working fluid is changed 
from air to carbon dioxide/argon and, afterwards, the fuel is switched to synthetic 
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gas. The main reasons for doing this now is the oxygen requirement using natural gas 
as fuel and the stability of the gas turbine. 
If the change of working fluid was done at lower speeds it would be possible to 
have a deceleration that could lead to an unexpected shut down of the plant. 
Also, if the change of fuel was done at full power. the oxygen requirement as the 
turbine is loaded increases, leading to a value higher than the demand when synthetic 
fuel is employed. 
The transition process of changing the working fluid has been investigated as a 
sequence of steady state points. Initially, due to the large time scale involved, the 
transient study is not considered, necessary. 
During the operation, the LP shaft speed is kept constant, changing the rest of the 
parameters. Figures 8.77 to 8.81 show the HP shaft speed, the LPC variable stator 
(the HPC stators remain at the fully open position), the turbine entry and exit 
temperatures and the fuel to compressor inlet mass flow ratio, with the content of 
carbon dioxide/argon as a parameter. 
The differences in thermodynamic properties between air and the mixture of 
carbon dioxide and argon lead to a moderate change in corrected mass flow and a 
significant variation in the corrected speed. 
At the end of this phase the fuel will be switched from natural gas to coal 
synthetic gas. Under these circumstances it may be necessary to have a rich oxygen 
mixture to ensure combustion of the fuel while the change is taking place. The 
difference in performance is relatively small, with variations of the order of 1% in 
mass flows and pressures and 1.5 % in temperatures. 
Once the engine is operating at synchronous idle with the correct working fluid 
and fuel the normal loading takes place, increasing the useful power that will be 
absorbed by the electricity generators. The process will take place slowly, as in all 
large heavy duty gas turbines, due to the considerable heat soakage period required by 
the engine thermal mass. The performance variables of CYCLE III at part load are 
shown in section 8.4. 
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Figure 8.68. Low pressure compressor operating line during starting, change in workingfluid, 
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Figure 8.69. High pressure compressor operating line during starting, change in workingfluld, 
change in fuel and loading up tofullpower 
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Figure 8.74. Stator outlet temperature during slatting 
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Figure 8.75. Turbine exit temperature during stalling 
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Figure 8.76. Fuel to compressor inletflow ratio during starting (Natural Gas) 
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Figure 8.77. High pressure shaft speed during the change from air to carbon dioxidelargon 
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Figure 8.78. Low pressure compressor variable stator angle during the change from air to carbon 
dioxidelargon 
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Figure 8.79. Stator outlet temperature during the change from air to carbon dioxidelargon 
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Figure 8.80. Turbine exit temperature during the change from air to carbon dioxidelargon 
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Figure 8.81. Fuel to compressor inlet flow rado during the change from air to carbon dioxidelargon 
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CHANGE IN SEMI-CLOSED CYCLES 
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CHANGE IN SEMI-CLOSED CYCLES WOPSING FLUID 
9.1. INTRODUCTION 
When designing a semi-closed cycle operating with a mixture of carbon dioxide 
and argon as working fluid, one major problem is the impossibility of verifying the 
aerodynamic behaviour of a gas turbine employing that fluid before a prototype or a 
development machine is built. But, the large investment required to manufacture and 
test a technology demonstrator can stop its development. However, if it was possible 
to use existing hardware, the cost would be drastically reduced. 
That is the idea explored here with the following performance exercise: 
" Convert a conventional existing open cycle gas turbine turbomachinery, designed 
for air, into a closed cycle machine. 
" Change, progressively, the working fluid from air to carbon dioxide/argon 
(operating as a closed cycle). 
The main aim of this exercise is the evaluation of the changes in compressor and 
turbine aerodynamic behaviour. Therefore, the possibility of running the gas turbine 
with working fluids considerably different from its original design. 
The assessment of cycle performance employing inadequate turbomachinery is of 
second interest. Hence, after the complete change of working fluid, as a closed cycle, 
it would be possible to go further, and perform simulations with the gas turbine in 
semi-closed cycle configuration, burning low heating value gas. 
Initial combustion studies, probably at small scale, should be carried out 
independently, to be able to discern whether the problems are coming from one or 
other discipline. But if the exercise concludes that it will be feasible to run the 
existing air design turbomachinery with C02/Ar, it would be possible to perform full 
scale combustion experiments at a relatively low cost. 
9.2. CASES SELECTED AND METHOD EMPLOYED 
To cover some representative gas turbine arrangements, four cases have been 
selected: 
One spool - one shaft (compressor - combustor - turbine) 
One spool - two shaft (compressor - combustor - turbine - free power turbine) 
Two spool - two shaft (LP compressor - HP compressor - combustor - HP turbine 
- LP turbine) 
Two spool - three shaft (LP compressor - HP compressor - combustor - HP 
turbine - LP turbine - Power turbine) 
The method to carry out the performance simulation will be: 
9.2 
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" Generate a design case for each configuration with characteristics (pressure ratio, 
component efficiencies, cooling bleeds, etc. ) similar to actual open cycle gas 
turbines. For example, in the case of the single spool - single shaft, a machine 
equivalent to a heavy duty GE Frame 7 was employed and in the two spool - three 
shaft, a gas turbine similar to the aeroderivative GE LM5000 model has been 
selected. 
" Go from open cycle to closed cycle, employing air as working fluid, as an off- 
design, preserving the turbomachinery, i. e. with the same characteristics. 
" Modify, progressively, the working fluid, from 100% air/0% carbon dioxide- 
argon to 0% air/100% carbon dioxide-argon. The reason to do this part of the 
study in several steps is a code convergence problem (initial conditions) 
9.3. ONE SPOOL - ONE SHAFT CASE 
As already mentioned, the model selected is similar to the GE Frame-7 gas 
turbine. 
Inlet mass flow: 361 kg/s 
Pressure ratio: 15.0 
HPC adiabatic efficiency: 88.2% 
Base load SOT: 1450 K 
HPT/PT adiabatic efficiency: 92.3 % 
Exhaust gas temperature 823 K. 
Thermal efficiency: 34.7% 
Power output: 119.5 MW 
The results of running the turbomachinery as a closed cycle changing the working 
fluid composition from 100% air to 100% CO. /Ar are presented in Appendix VIII, 
showing the evolution of mass flow, pressure ratio, compressor & turbine efficiency, 
compressor & turbine corrected speed, power output, etc. The initial change from 
open cycle to closed cycle using air is not presented here. 
9.3.1. COMPRESSOR BEHAVIOUR (Appendix V111, fig. I to 6) 
The shaft speed is kept constant (single shaft gas turbine for electricity 
generation). Therefore, with the substantial drop in both, gas constant and ratio of 
specific heat, although the inlet temperature is slightly larger than the design case 
(300 K vs. 288.15 K), the corrected speed increases significantly (26% larger with 
C02/Ar) going beyond the safe limits of the compressor map (corrected speed at 
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continuous operation is limited to values 10-15% higher than design). With these 
conditions, the aerodynamic behaviour of the compressor is far from optimum, and 
the adiabatic efficiency drops from 0.88 to 0.58. 
9.3.2. TURBINE BEHA VIO UR (AppendLr V111, flg. 7 to 12) 
Following a similar trend as the compressor, the limitation of constant shaft speed 
ends up with an important increase in the turbine corrected speed (larger than 30%). 
The corrected enthalpy increases also in 24% when using C02/Ar. Two other 
important parameters for turbine performance are the loading coefficient (AHIU2) and 
the flow coefficient V,, IU. Both experience a decrease in 25 % relative to the open 
cycle. The Mach number increases in over 15 % relative to the design case, with 
larger figures at part load, where the sonic velocity is lower. This detrimental effect, 
together with the decrease in flow coefficient, will have an important penalty in the 
turbine efficiency that could not be completely reflected in the performance 
simulation. It would also be possible to find that the increase in the Mach number 
causes a situation of limit loading and, due to the decrease in incidence angle, a 
vibration/flutter problem could emerge, due to the possible presence of a pressure 
surface recirculation bubble. 
9.3.3. GENERAL PERFORMANCE (Append& VIII, fig. 13 to 17) 
The inlet mass flow increases, when changing the working fluid to C02/Ar, from 
339 kg/s up to 458 kg/s, with a rise in the corrected flow from 350 kg/s up to 458 
kg/s. The exit temperature has also a substantial rise when running at constant SOT. 
Therefore, it would be probably required to run at lower temperature. Specific power 
output and thermal efficiency are also presented, showing a considerable drop in both 
performance parameters. 
9.4. ONE SPOOL - TWO SHAFT CASE 
The model selected has been a modified GE Frame-7 gas turbine type that, 
instead of having a single shaft, it is fitted with a free power turbine. 
Inlet mass flow: 361 kg/s 
Pressure ratio: 15.0 
HPC adiabatic efficiency: 88.2% 
Base load SOT: 1450 K 
HPT adiabatic efficiency: 91.0% 
LPT/PT adiabatic efficiency: 89.0% 
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o Exhaust gas temperature 820 K. 
o Thennal efficiency: 35.1 
* Power output: 120.7 MW 
Appendix IX contains the results of the simulation. 
9.4.1. COMPRESSOR BEHAVIOUR (Appendir IX,, flg. I to 6) 
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In this cycle the gas generator speed is not necessarily constant (free power 
turbine for electricity generation). As a consequence, there is a reduction in the core 
shaft speed that, together with the drop in the gas constant and ratio of specific heat 
and the increase in inlet temperature, increase the corrected speed in less than 3% 
relative to the open cycle design. Therefore, the aerodynamic behaviour of the 
compressor is close to the optimum, and the adiabatic efficiency drops from 88% to 
84%. 
9.4.2. TURBINE BEHA VIO UR (Appendix IX, fig. 7 to 18) 
In parallel with the compressor, the HP turbine corrected speed increases just 6% 
relative to the design case, and the corrected enthalpy increases in 10%. The loading 
factor, flow coefficient and Mach number change less than 6%. All these figures 
suggest that the change in working fluid has a minor impact on HPT performance 
However, the FPT modifies its operating point in a similar way as the HPT did in 
the single shaft case. The corrected speed, driven by the constant speed limitation, is 
increased by 25 %, and the corrected enthalpy by 29 %. The loading factor and flow 
function are decreased by 18% and 20% respectively, with an increase in Mach 
number of 12%. The conclusions for this turbine are analogous to the ones obtained 
for the HPT in the single spool - single shaft configuration (section 9.3.2. ) 
9.4.3. GENERAL PERFORMANCE (Appendix IX fig. 19 to 23), 
The inlet mass flow increases, when changing the working fluid to C02/Ar, from 
328 kg/s up to 422 kg/s, with a rise in the corrected flow from 338 kg/s up to 368 
kg/s. The exit temperature increases in over 150 K for the design SOT. Hence, as in 
the single spool - single shaft case, the turbine entry temperature should be reduced. 
The simple cycle thermal efficiency suffer an important decrease, but considerably 
smaller than in the single spool - single shaft. The specific power output does not 
change its value between the air and C02/Ar cycles. 
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9.5. TWO SPOOL - TWO SHAFT CASE 
In the following case, a gas turbine similar to the GE LM60001 has been selected. 
The main performance parameters are: 
Inlet mass flow: 126.5 kg/s 
LPC pressure ratio: 3.5 
LPC a&batic efficiency: 84.6% 
HPC pressure ratio: 7.46 
HPC adiabatic efficiency: 82.6% 
Base load SOT: 1450 K 
HPT adiabatic efficiency: 89.2% 
LPT/PT adiabatic efficiency: 91.1 % 
Exhaust gas temperature 725 K. 
Thermal efficiency: 35.5% 
Power output: 33.7 MW 
The results of the simulation are shown in the figures of Appendix X. 
9.5. L COMPRESSOR BEHAVIOUR (AppendLr X, fig. I to 12) 
As the carbon dioxide/argon content increases, the mass flow and corrected mass 
flow increase as well. The low pressure shaft speed is kept constant (coupled to the 
electricity generator). Therefore, the LPC corrected speed grows up significantly, due 
to the drop in the gas constant and specific heat ratio between air and C02/Ar. The 
high pressure shaft speed decreases, but the HPC corrected speed grows, as the 
reduction in speed can not compensate the drop in R and Y. The LPC and HPC 
pressure ratios rise and surge margins improve. An important detrimental effect is 
experience in the LPC adiabatic efficiency, due to the large corrected speeds found: 
around 117% for the C02/Ar cycle compared with 92.5% for the air cycle at base 
load design point. The HPC does not suffer this effect, as the final values of corrected 
speed are around 98 % with C02/Ar and 95 % with air. 
The LM6000 will have a lower LPC pressure ratio and a higher HPC pressure ratio, with a simple 
cycle thermal efficiency around 40%. 
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For the design SOT, the HPT corrected enthalpy (AHlyR7) grows to a value of 
112% relative to the original open cycle design. The corrected speed is 106% of the 
initial value. The loading factor does not change between air and CO. /Ar cycles, and 
the flow coefficient decreases to 95 % of the design value, with a minor effect on HPT 
aerofoil incidence. The turbine rotor characteristic Mach number will not change 
significantly. 
Again, for the highest SOT, the LPT corrected enthalpy (AHlyR7) grows to a 
value of 142% and the corrected speed increases to 124% compared with the initial 
design values!!. The loading factor is 91.4% and the flow coefficient is 80.4% 
relative to the open cycle design values. Hence, the decrease in LPT aerofoil 
incidence angle will be considerable, with a serious increase in losses. The turbine 
rotor characteristic Mach number will rise by approximately 10-12% compared with 
the design value, with the detrimental effect in efficiency, and the possibility of limit 
loading phenomenon. 
9.5.3. GENERAL PERFORMANCE (Appendix X.. fig. 25 to 29) 
The inlet mass flow experience a huge increase (around 50%). The gas turbine 
exit temperature increases, as for the one spool - one shaft and one spool - two shaft, 
in 150 K at design SOT. Specific power output do not have a significant change, but 
thermal efficiency drops considerably. 
9.6. TWO SPOOL - THREE SHAFT CASE 
A gas turbine similar to the GE LM50002 has been selected. The main 
performance characteristics are: 
Inlet mass flow: 126.5 kg/s 
LPC pressure ratio: 3.5 
LPC adiabatic efficiency: 84.6% 
HPC pressure ratio: 7.46 
HPC adiabatic efficiency: 82.6% 
Base load SOT: 1450 K 
HPT adiabatic efficiency: 89.2% 
LPT adiabatic efficiency: 89.7% 
2 The LMSOOO will have a lower LPC pressure ratio and a higher HPC pressure ratio 
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" FPT adiabatic efficiency: 90.5 % 
" Exhaust gas temperature 724 K. 
" Thermal efficiency: 36.15 % 
" Power output: 33.3 MW 
The figures showing the results of the simulation are in Appendix XI.. 
9.6.1. COMPRESSOR BEHAVIOUR (Appendr XI, fig. I to 12) 
The performance of the compressors is similar to the one spool-two shaft 
arrangement. The presence of the FPT removes the restriction in the speed of the gas 
generator shafts. The consequence is a reduction of around 22% in HP and LP shaft 
speed when the working fluid has been completely changed. With these reductions, 
the corrected speeds are less than 4% away from the initial design point, and the LPC 
and HPC adiabatic efficiencies drop around 5 %. 
9.6.2. TURBINE BEHA VIO UR (Appendh XI, fig. 13 to 30) 
As in the case of the compressors, the HPT and FPT behave in the same way as 
in the one spool-two shaft arrangement. The LPT follows a trend similar to the HPT. 
The HPT corrected enthalpy grows to a value of 112% and the corrected speed to 
a 107% compared with the initial open cycle design. The loading factor suffers minor 
changes between the air and C02/Ar cycles, with the flow coefficient decreasing to 
93% of the design value, resulting in incidence angles away from the design, with a 
reduction in the component efficiency. The turbine rotor characteristic Mach number 
will not change significantly. 
The LPT corrected enthalpy grows to a value of 110% and the corrected speed 
increases to 106% relative to the open cycle design point. These figures are 
considerably lower than the ones found in the two spool-two shaft configuration. The 
loading factor is, practically, constant, as well as the Mach number, with the flow 
coefficient decreasing by 5%. This variation should not have a great impact on 
turbine aerodynamic behaviour. 
The largest changes appear in the FPT, with increases of 40% and 22% in 
corrected enthalpy and corrected speed respectively. The loading factor was dropped 
by 5%, the flow coefficient by 18% and the Mach number was risen by 10%. The 
conclusions for this turbine are equivalent to the ones obtained for the LPT in the two 
spool - two shaft arrangement: large changes in aerofoil incidence and higher Mach 
numbers. These resulting in a considerably poorer turbine performance, that is not 
fully reflected in the simulation, mainly because the operating points were out of the 
available turbine map, and the values were extrapolated. 
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The inlet mass flow increases, when changing the working fluid to CO, /Ar, from 
113 kg/s up to 170 kg/s, with a rise in the corrected flow from 114 kg/s and 124 kg/s 
up to 147 kg/s and 143 kg/s for the LPC and HPC respectively. Turbine exit 
temperature increases in more than 150 K for the design SOT. Thermal efficiency and 
speciflc power output do change significantly between air and C02/Ar cycles. 
9.7. CONCLUSIONS 
The main conclusion from the four representative cycles run is that in all the 
cases one or more components finished in a medium-high risk area (vibrations, 
flutter, stall, ... ). One possible solution could be to select the single spool - two shaft 
case, where the core components do not change significantly their performance, and 
take the free power turbine from another machine. Apparently this would be the only 
feasible solution if an existing gas turbine is intended to be used for the carbon 
dioxide/argon cycle. A further detailed study is required, investigating this 
possibility. 
The two spool gas turbines present the same problems that the single spool ones, 
with the additional complexity of having an extra spool. Hence, their use is not 
recommended. 
CHAPTER 10 
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10-1. CONCLUSIONS 
Ile main aims of this thesis, explained in the first two chapters, were: 
10.1 
Generation and validation of a general robust and accurate gas turbine 
performance code oriented not just to open cycles with conventional 
components and fuels, but able to simulate open, dosed and semi-closed cycles 
with exotic working fluids, new components and unorthodox fuels. 
Selection of the power plant arrangement and performance study of an 
innovative semi-dosed cycle operating with a mixture of carbon dioxide and 
argon as working fluid and burning low calorific value gas obtained from coal 
gasification. 
Tb= goals have been successfully achieved with the conception and 
development of GTSI code and the design & off-design study of various semi-closed 
cycle configurations. 
Themod)mamic properties for different fluids (nitrogen, oxygen, carbon dioxide, 
carbon monoxide, ... ) as a function of temperature and pressure have been employed in the model, considering also the effect of water as a real gas. Ile combustion 
Products for different hydrocarbon fuels have been already implemented as default 
options, but the user has the possibUity to specify, easily, the properties of other 
combustion gases. 
The components developed for the code (inlet, compressor, intercooler, 
evaporator cooling, steam injector, combustor, reheat system, turbine, cooling 
system. etc. ) were created with the maximum generality. Variable geometry was 
introduced in the turbomachinery. steam injectors, etc. 
A simple steam, turbine model %%-as generated to be able to simulate the combincd 
cycles. A steam generator module was created as well for the steam injected cycles. 
The component subroutines were integrated in such a way that open, closed and 
semi-ClOsed cycles can be studied at design point, and also at off-design, using 
different control laws. The possibility of introducing component deterioration was 
also considered. 7lic complete system is solved using a conventional Newton-Raphson 
method for non-linear systems. 
As special off-design cases. the change from open to closed or semi-closed cycle 
can be done with a minimum Wort, as well as the substitution of a single component, leaving the rest of the modules unchanged. 
When the code was ready. a comprehensive validation was carried out with 
several gas turbines configurations. Also. some analytical results from different 
sources using gases other than air (i. e. helium). were examined. Tbe results of the 
validation have been extremely good, giving confidence in the predictions of the code. 
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10.2 
After the validation of GTSI, the semi-closed cycle was designed. Initially, the 
selection of working fluid, between pure carbon dioxide and carbon dioxide / argon, 
and the choice of power plant arrangements were carried out. Characteristic values of 
the state-of-the-art technology were used for component efficiencies, cooling 
requirements, etc. The two spool-two shaft gas turbine was selected due to the very 
high pressure ratio needed to obtain high thermal efficiencies. Simple, intercooled, 
regenerated and intercooled & regenerated cycles were initially considered (fitted, in 
every case, with an optimum steam turbine bottoming cycle). With small differences 
in thermal efficiency, the main parameter for a base load machine, between the four 
cycles, and in order to simplify the already difficult machine, the two spool-two shaft 
simple cycle machine was chosen. 
However, not only a conventional turbine, with a moderate firing temperature, 
has been considered in this thesis. Advanced high temperature cycles employing 
cryogenic nitrogen precooling, used also for turbine stator cooling, were studied. 
These have shown important increases in thermal efficiency and specific power 
output, although the technological challenges are considerably larger than for the 
conventional, low temperature, cycle. In the analysis, not only the components of the 
gas turbine, but also the inefficiencies due to air separation, coal gasification and 
carbon dioxide liquefaction have been taken into account in order to have realistic 
performance values. In general, the simple cycle efficiencies obtained are very low. 
The combined cycle values, where the exhaust heat is used for the steam cycle, are 
also quite low compared with open cycle machines. A better performance if offered 
by the advanced high temperature cycles, but still not as good as by a modern 
combined open cycle. The differences can be explained by the significant installation 
inefficiencies associated to the semi-closed cycle. 
Once the cycles have been selected, the off-design study was carried out. The 
inlet temperature will not change significantly (affected only by the precooling water 
temperature that should be fairly stable). The inlet pressure will be controlled to give 
ambient pressure at compressor inlet. Designed for electricity generation, the low 
pressure spool will operate at constant speed. Preliminary off-design studies shown 
the necessity of having variable geometry in the low pressure compressor for part 
power operation. Further off-design simulations indicated the need of high pressure 
compressor variable geometry. The use of bleed valves at part load, common in open 
cycles, will be very restricted in this case, where the operating fluid is mainly carbon 
dioxide. 
The starting process was studied as a sequence of steady-state points. At low 
shaft speed the working fluid was air, firing natural gas. When the gas generator 
reached the synchronous idle condition, the air was changed to carbon dioxide/argon, 
employing natural gas as fuel and oxygen as oxidizer. Finally, the fuel was switch to 
a low calorific value synthetic gas, also with oxygen as oxidizer. 
With the uncertainties associated to the turbomachinery design, operating mainly 
with carbon dioxide, and to the new combustion technology, a demonstrator seems to 
be a reasonable way of validating some of the innovative aspects of the semi-closed 
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cycles. Using the capabilities of GTSI, the application of an existing open cycle gas 
turbine hardware was considered, showing possible problems, risk areas and 
difficulties associated with this proposal. 
10.2. RECOMMENDATIONS FOR FURTHER WORK 
As stated in the first section of this chapter, all the initial objectives have been 
successfully accomplished. However, a performance code must be always open to 
modifications, improvements, introduction of new methodologies, etc. Therefore, a 
continuous improvement should always be carried out, adding more capabilities. It is 
also important to bear in mind that the new versions must be compatible with the 
previous ones, in order to be able to run old cases with the new programme. 
Although the code has been extensively validated against published and private 
performance data of various gas turbine arrangements, with different technology 
levels, a continuous effort should be made, when new data becomes available, to 
follow with this activity. Experimental data of gas turbines with variable geometryl, 
burning fuels other than Natural Gas, Diesel No. 2 or kerosene and using different 
working fluids, would be desirable. 
GTSI has been written for synthesis, and has a limited analysis (diagnostics) 
capability. The introduction of this feature appears as a major task for the 
improvement of the code. This modification will take a large amount of time, as it 
will be necessary to observe different configurations for the instrumentation, etc. 
The capability of simulating component deterioration has already been 
implemented in the code. But, if the analysis capability was fully introduced, it would 
be possible to create an extremely powerful tool for engine monitoring. 
Finally, the input files of the code, for design and control of the machine, are 
quite easy to produce with the help of the Programme User Guide. However, it would 
be desirable to have an interactive Graphical User Interface to generate the input, and 
some effort should be devoted in this direction. 
Not only the component characteristics as a function of the variable geometry should be 
available, but also the control laws of the machine, to reproduce the operating conditions as 
accurate as possible. 
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Figure 5. Increase in gas turbine specific power output 
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Figure 6. Increase in steam turbine specific power output 
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Figure 7. Decrease in HPT stator relative coofingflow 
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Figure 13. Decrease in LPT relative cooling flow 
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Figure 15. Decrease in compressor inlet temperature 
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Figure 14. Increase in LPT number of stages 
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Figure 16. Decrease in compressor outlet temperature 
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Figure 18. Nitrogen to inlet mass flow ratio for the standard case 
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Figure 19. Increase in simple cyck thermal efficiency 
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Figure 21. Increase in fuel to inlet mass flow ratio 
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Figure 23. Increase in gas turbine specific power output 
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Figure 20. Increase in combined cycle thermal efficiency 
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Figure 22. Increase in combined cycle specific power output 
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Figure 24. Increase in steam turbine specific power output 
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Figure 25. Decrease in HPT stator relative coolingflow. 
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Figure 27. Decrease in HPT relative coolingflow. 
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Figure 29. Decrease in LPTsworrelative coolingflow. 
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Figure 26. Decrease in HPT rotor relative coolingflow. 
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Figure 28. Decrease in HPT number of stages 
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Figure 30. Decrease in LPT rotor relative coolingflow. 
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Figure 31. Decrease in LPT relative coolingflow 
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Figure 33. Decrease in compressor inlet temperature 
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Figure 35. Increase in turbine exit temperature 
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Figure 32. Increase in LPT number of stages 
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Figure 36. Nitrogen to inlet mass flow radofor the N2 a1vogenic 
precooling case 
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Figure 37. Increase in simple cycle thermal efficiency 
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Figure 39. Increase in fuel to inlet mass flow ratio 
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Figure 41. Increase in gas turbine specific power output 
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Figure 38. Increase in combined cycle thermal efficiency 
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Figure 40. Increase in combined cycle specific power output 
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Figure 42. Increase in steam turbine specific power ouiput 
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Figure 43. Decrease in HPT stator relative cooling flow 
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Figure 45. Decrease in HPT rekdre coohngflow 
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Figure 47. Decrease in LPT swor relative coolingflow. 
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Figure 44. Decrease in HPT rotor rekttive cooling flow 
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Figure 46. Decrease in HPT number of stages 
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Figure 48. Decrease in LPT rotor relative coolingflow. 
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EFFECT OF THE CRYOGENIC PRECOOLING & NG Vs N2 COOLING (TP, T=1473 K) 
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Figure 49. Decrease in LPT relative coohngflow 
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Figure 51. Decrease in compressor inlet temperature 
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Figure 53. Increase in turbine exit temperature 
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Figure 50. Increase in LPT number of stages 
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Figure 5Z Decrease in compressor oudet temperature 
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Figure 54 Nitrogen to inlet mass flow radofor the N2 cryogenic 
precooling + N2 NGV cooling 
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APPENDIX H 
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Figure 1. Increase in simple cycle thermal efficiency 
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Figure 3. Increase in fuel to inlet mass flow ratio 
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Figure 2. Increase in combined cycle thermal efficiency 
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Figure 4 Increase in combined cycle specific power output 
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Figure S. Increase in gas turbine specific power output Figure 6. Increase in steam turbine specific power output 
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Figure 7. Decrease in HPT stator relative coohngflow 
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Figure 9. Decrease in HPT relative cooUngflow 
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Figure 11. Decrease in LPT stator relative cooUngflow 
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Figure 12. Decrease in LPT rotor relative cooling flow 
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Figure 13. Decrease in LPT relative cooUngflow 
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Figure 15. Decrease in compressor inlet temperature 
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Figure 17. Increase in turbine exit temperature 
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Figure 14. Increase in LPT number of stages 
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Figure 16. Decrease in compressor outlet temperature 
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Figure 18. Nitrogen to inlet mass flow ratio for the standard case 
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Figure 19. Increase in simple cycle thermal efficiency 
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Figure 21. Increase in fuel to inlet mass flow rado. 
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Figure 23. Increase in gas turbine specific power output 
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Figure 20. Increase in combined cycle thermal efficiency 
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Figure 22. Increase in combined cycle specific power oatput 
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Figure 24. Increase in steam turbine specific power output 
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Figure 25. Decrease in HPT stator relative coolingflow 
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Figure 2 7. Decrease in HPT relative coohngflow 
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Figure 29. Decrease in LPT stator relative coolingflow. 
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Figure 26. Decrease in HPT rotor relative cooling flow 
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Figure 28. Decrease in HPT number of stages 
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Figure 30. Decrease in LPTrotor relative coolingflow. 
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EFFECT OF THE CRYOGENIC PRECOOLING & NGVS N2 COOLING (Tl,, T=1650 K) 
IL vi 
DECREASE IN LPT COOLING FLOW 
SIMPLE CYCLE, COVARGON, FCFC 
05-6 
04-5 
03-4 
M 2-3 
111-2 
M 0-1 
M-1-0 
E 
-2-1 
Figure 31. Decrease in LPTreladve coolingflow 
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Figure 33. Decrease in compressor inlet temperature 
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Figure 35. Increase in turbine exit temperature 
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Figure 32. Increase in LPT number of stages 
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Figure 34 Decrease in compressor oudet temperature 
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Figure 36. Nitrogen to inlet mass flow ratio for the N2 cryogenic 
precooling case 
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EFFECT OF THE CRYOGENIC PRECOOLING & NG Vs N2 COOLING (Th, T=1650 K) 
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Figure 37. Increase in simple cycle thermal efficiency 
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Figure 39. Increase in fuel to inlet mass flow ratio 
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Figure 41. Increase in gas turbine specific power output 
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Figure 38. Increase in combined cycle thermal efficiency 
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Figure 40. Increase in combined cycle specific power output 
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Figure 42. Increase in steam turbine specific power output 
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EFFECT OF THE CRYOGENIC PRECOOLING & NG Vs N2 COOLING (TET=1650 K) 
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Figure 43. Decrease in HPT stator reladye coolingflow 
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Figure 45. Decrease in HPT relative coolingflow 
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Figure 47. Decrease in LPT stator relative cooling flow 
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Figure 44. Decrease in HPT rotor relative coolingflow 
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Figure 46. Decrease in HPT number of stages 
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Figure 48. Decrease in LPT rotor relative cooling flow 
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Figure 49. Decrease in LPTreladve coolingflow 
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Figure 51. Decrease in compressor inks temperature 
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Figure 53. Increase in turbine exit temperature 
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Figure 50. Increase in LPT number of stages 
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Figure 5Z Decrease in compressor outlet temperature 
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Figure 54. Nitrogen to Wet mass flow ratio for the N2 cryogenic 
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APPENDIX III 
COMPLETE PLANT PERFORMANCE 
(WORKING FLUID C02, TE T= 14 73 K) 
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Figure 3. Simple cycle thermal efficiency 
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Figure Z Combined cycle ideal thermal efficiency 
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Figure 4. Simple cycle ideal thermal efficiency 
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COMPLETE PLANT (TET=14" K) 
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Figure 7. Gas turbine specific power output 
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Figure 9. Gas turbure to steam turbine power ratio 
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Figure 8 Steam turbine specific power output 
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Figure 10. Auxiliary (CO2,02 & Fuel) to usefuel power ratio 
OXYGEN SEPARATION SPECIFIC POWER 
SIMPLE CYCLE, C02, FCFC 
N 66-70 
060-65 
0 555-60 
D 50-55 
045,50 
40-45 
35-40 
Figure 11. C02 compression specific power Figure 12. Oxygen separation specific power 
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COMPLETE PLANT (TET=1473 K) 
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Figure 13. Fuel compression specifsc power 
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Figure 15. Gas turbine exit temperature 
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Figure 14 Fuel to compressor inlet mass flow ratio 
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Figure 16. Number of HPTs&ages 
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Figure 17. HPT cooling to compressor inlet mass flow ratio Figure 18. HPTNGVs cooling to compressor 
inlet massflow ratio 
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Figure 19. HPT rotor cooling to compressor inlet mass flow ratio 
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Figure 21. LPTcoofing to compressor inlet massflow ratio 
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Figure 20. Number of LPT stages 
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Figure 22. LFT NGVs cooling to compressor inlet mass flow ratio 
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Figure 23. LPT rotor cooling to compressor Inlet mass flow ratio Figure 24. Steam turbine optimum pressures (maximum) 
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Figure 25. Combined cycle thermal erwiency 
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Figure 27. Simple cycle thermal efficiency 
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Figure 26. Combined cycle ideal thermal efficiency 
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Figure 28. Simple cyck ideal thermal effi-ciency 
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Figure 29. Combined cycle specific power output Figure 30. Combined cycle ideal specific power output 
COMPLETE PLANT (TET=1473 K) 
GAS TURBINE SPFCFIC POWER OUTPUT 
INTERCOOLED CYCLE, C02, FCFC 
Figure 31. Gas turbine specific power output 
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Figure 33. Gas turbine to steam turbine power ratio 
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Figure 32 Steam turbine specific power output 
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Figure U Auxiliary (CO2,02 & Fuel) to asefuel power ratio 
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Figure 35. C02 compression specTic power Figure 36. Oxygen separation specifsc power 
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Figure 37. Fuel compression spectfic power 
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Figure 39. Gas turbine exit temperature 
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Figure 38 Fuel to compressor inlet mass flow ratio 
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Figure 40. Number of HPT stages 
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Figure 41. HPT cooling to compressor inlet mass flow ratio Figure 42. HPTNGVs cooling to compressor inlet mass flow ratio 
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Figure 43. HPT rotor cooUng to compressor inkimassflow ratio 
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Figure 45. LPT cooling to compressor inlet massflow ratio 
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Figure 44. Number of LPT stages 
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Figure 46. LPT NG Vs cooling to compressor inlet mass flow ratio 
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Figure 47. LPT rotor cooling to compressor inlet mass flow ratio Figure 48. Steam turbine optimum pressures (marimum) 
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Figure 49. Combined cycle thermal efficiency 
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Figure 50. Combined cyck ideal thermal efficiency 
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Figure S2. Simple cycle ideal thermal efficiency 
MO. 37-0.39 
M 0.35-0.37 
N 0.33-0.36 
13 0.31 -033 
M 0.29-0.31 
00.27-0.29 
M 0.25-0.27 
COMBINED CYCLE IDEAL SPECIFIC POWER OUTPUT 
REGENERA TED CYCLE, C02, FCFC 
0375-400 
3, &376 
0325-350 
3CO-325 
275-300 
0250-275 
0225,250 
Figure 53. Combined cycle specific power output Figure54. Combined cycle ideal specific power ouOut 
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Figure 55. Gas turbine specific power outpad 
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Figure 57. Gas turbine to steam turbine power ratio 
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Figure 56. Steam turbine specific power output 
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Figure 58. Auxiliary (CO2,02 & Fuel) to usefuel power ratio 
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Figure 59. C02 compression specýrw power Figure 60. Oxygen separation specific power 
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Figure 61. Fuel compression specifw power 
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Figure 6.3. Gas turbine exit temperature 
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Figure 62. Fuel to compressor Wet mass flow rado 
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Figure 64. Number of HPT stages 
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Figure 65. UPT cooling to compressor inlet mass flow ratio Figure 66. HPTNGVs cooling to compressor inlet massflow ratio 
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Figure 67. HPT rotor cooling to compressor inlet mass flow ratio 
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Figure 69. LPT cooling to compressor inlet mass flow ratio 
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Figure 68. Number of LPT stages 
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Figure 70. LPT NG Vs cooling to compressor inlet mass flow ratio 
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Figure 71. LPT rotor cooling to compressor inlet mass flow ratio Figure 72. Steam turbine optimum pressures (maximum) 
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Figure 73. Combined cycle thermal efflciency 
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Figure 75. Simple cycle thermal efficiency 
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Figure 74 Combined cycle ideal thermal effisciency 
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Figure 76. Simple cycle ideal thermal efficiency 
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Figure 77. Combined cycle specific power output Figure 78. Combined cycle ideal specific power output 
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Figure 79. Gas turbine specific power output 
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Figure 81. Gas turbine to steam turbine power ratio 
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Figure 80. Steam turbine specific power output 
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Figure 82. Auxiliary (CO2,02 & Fuel) to usefuel power ratio 
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Figure 83. C02 compression specT&C power Figure 84 Oxygen separation specific power 
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Figure 85. Fuel compression specific power 
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Figure 87. Gas turbine exit temperature 
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Figure 86. Fuel to compressor inlet mass flow ratio 
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Figure 88. Number of HPT stages 
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Figure 89. HPT cooling to compressor ink$ mass flow ratio Figure 90. HPT NG Vs cooling to compressor ink$ mass flow ratio 
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Figure 91. HPT rotor cooling to compressor inlet mass flow ratio 
LPT RELATIVE COOLING BLEED M 
INIERCOOLED & REGENERATED CYCLE, C02, FCFC 
(14 
9 
,05 
07-8 
06-7 
E 5-6 
04-5 
0 3-4 
02-3 
1-2 
0-1 
Figure 93. LFT cooling to compressor inlet mass flow ratio 
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Figure 92. Number of LPT stages 
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Figure 94. LPT NGVs cooling to compressor inlet mavs flow ratio 
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Figure 95. LPT rotor coofing to compressor inlet mass flow ratio Figure 96. Steam turbine optimum pressures (maximum) 
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APPENDIX IV 
COMPLETE PLANT PERFORMANCE 
(WORKING FLUID C021ARGON, TET=1473 K) 
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Figure 1. Combined cycle dsermal efficiency 
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Figure 7. Gas turbine specTic power output 
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Figure 10. Auxiliary (COVArgon, 02 & Fuel) to usefuel power ratio 
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Figure 11. C02I Argon compression specific power Figure 12. Oxygen separadon specific power 
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Figure 13. Fuel compression spectfic power 
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Figure 14. Fuel to compressor inlet mass flow ratio 
HPT NUMBER OF STAGES 
SIMPLE CYCLE, COVARGON, FCFC 
F-FT-l \-TI-ri III I'M. - II 
23456789 10 11 12 
LPC PRESSURE RA170 
Figure 16. Number of UPT stages 
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Figure 17. HPT cooling to compressor inks massflow ratio Figure 18. HPTNGVs cooling to compressor inletmass flow ratio 
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Figure 19. HPT rotor cooling to compressor inlet mass flow ratio 
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Figure 21. LPT cooling to cotnpressor inlet mass flow ratio 
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Figure 20. Number of LPT stages 
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Figure 22. LPTNCVs cooling to compressor inlet massflow ratio 
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Figure 23. LPT rotor cooling to compressor inlet mass flow ratio Figure 24. Steam turbine optimum pressures (maximum) 
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Figure 25. Combined cycle diermal efficiency 
00.35-0.36 
M 0.34-0.35 
00.33-0.34 
M 0.32-0.33 
E-10.31-0.32 
M 0.3-0.31 
M 0.29-0.3 
M 0.28-0.29 
SIMPLE CYCLE THERMAL EFFICIENCY 
INTERCOOLED CYCLE, COVARGON, FCFC 
Figure 27. Simple cycle thermal efficiency 
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Figure 26. Combined cycle ideal thermal effisciency 
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Figure 28. Simple cycle ideal thermal efficiency 
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Figure 29. Combined cycle specific power output Figure 30. Combined cycle ideal specific power output 
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Figure 31. Gas turbine specific power output 
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Figure 33. Gas turbine to steam turbine power ratio 
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Figure 32. Steam turbine specific power output 
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Figure 35. CO21Argon compression specific power Figure 36 Oxygen separation specific power 
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Figure 37. Fuel compression specific power 
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Figure 38. Fuel to compressor inlet mass flow ratio 
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Figure 39. Gas turbine exit temperature 
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Figure 40. Number of HPT stages 
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Figure 41. HPT cooling to compressor inlet mass flow ratio Figure 42. HPT NG Vs cooling to compressor inlet mass flow ratio 
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Figure 43. HPT rotor cooling to compressor inlet mass flow ratio 
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Figure 45. LPT cooling to compressor inlet mass flow ratio 
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Figure 47. LPT rotor cooling to compressor inlet mass flo- ratio 
7 
IX) 
hLI III 
23456789 10 11 12 
LPC PRESSURE RAIIO 
Figure 44. Number of LPT stages 
I V. viii 
08-9 
07-8 
06-7 
1: 15-6 
045 
03-4 
02-3 
LPT NGVs RELATIVE COOLING BLEED M 
INIERCOOLED CYCLE, C021ARGON, FCFC 
IL 
co it 
LPC PRESSURE RA170 
03.5-4 
03-3.5 
0 2.55-3 
El 2-2.5 
01.5-2 
01-1.5 
0 0. &1 
Figure 46. LPT NGVs cooling go compressor inlet mass flow radio 
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Figure 48. Steam turbine optimum pressures (maximum) 
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Figure 49. Combined cycle thermal efficiency 
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Figure 51. Simple cycle thermal efficiency 
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Figure 50. Combined cycle ideal thermal efficiency 
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Figure 52. Simple cycle ideal thermal efficiency 
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Figure 53. Combined cycle specific power output FigureS4. Combined cycle ideal specific power output 
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Figure 55. Gas turbine specific power output 
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Figure 57. Gas turbine to steam turbine power ratio 
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Figure 56. Steam turbine specific power ouOut 
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Figure 58. Auxiliary (COVArgon, 02 & Fuel) to usefuel power ratio 
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Figure 59. CO21Argon compression specific power Figure 60. Oxygen separadonspecific power 
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Figure 61. Fuel compression specific power 
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Figure 63. Gas turbine exit temperature 
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Figure 62. Fuel to compressor inlet mass flow ratio 
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Figure 65. HPT cooling to compressor inlet mass flow ratio Figure 66. HPTNGVs cooling to compressor inlet mass flow ratito 
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Figure 67. HPT rotor cooling to compressor inlet massflow ratio 
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Figure 69. LPT cooUng to compressor inlet mass flow ratio 
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Figure 68. Number of LPT stages 
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Figure 70. LP7'NGVs cooling to compressor inlet mass flow ratio 
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Figure 71. LPT rotor cooling to compressor inlet mass flow ratio Figure 72. Steam turbine optimum pressures (maximum) 
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Figure 73. Combined cycle thermal efficiency 
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Figure 75. Simple cycle thermal efficiency 
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Figure 74. Combined cycle ideal thermal efficiency 
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Figure 76. Simple cycle ideal thermal efficiency 
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Figure 77. Combined cycle specific power ou47ut Figure78. Combined cycle ideal specific power output 
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Figure 79. Gas turbine specific power output 
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Figure 81. Gas turbine to steam turbine power ratio 
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Figure 80. Steam turbine specific power ouOul 
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Figure 82. Auxiliary (CO21Argon, 02 & Fuel) to usefuel power ratio 
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Figure 83. CO21Argon compression specific power Figure 84 Oxygen separadon specific power 
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Figure 85. Fuel compression specific power 
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Figure 87. Gas turbine exit temperature 
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Figure 86. Fuel to compressor inlet mass flow ratio 
HPT NUMBER OF STAGES 
INTFRCOOLED & REGENERWED, COVARGON, FCFC 
N 680-695 
0665-680 
0650-665 
F-I 635-650 
0620-635 
0605-620 
0590-605 
Figure 88. Number of IIPT stages 
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Figure 89. HPT cooling to compressor inlet mass flow ratio Figure 90. IIPTNGVs cooling to compressor inlet massflow ratio 
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Figure 91. HPT rotor cooling to compressor inlet mass flow ratio 
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Figure 93. LPT cooling to compressor inlet mass flow rado 
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Figure 92. Number oflJ'7'stages 
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Figure 94. LPT NG Vs cooling to compress- inlet MUS flow ratio 
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Figure 95. LPT rotor cooling to compressor inlet mass flow ratio Figure 96. Steam turbine optimum pressures (maximum) 
APPENDIX V 
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Figure A Simple cycle ideal thermal efficiency 
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Figure S. Combined cycle specific power output Figure 6. Combined cycle ideal specifw power output 
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Figure 7. Gas turbine specific power output 
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Figure 10. Auxiliary (COVArgon, 02 & Fuel) to usefuel power ratio 
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Figure IL CO21Argon compression specific power Figure 12. Oxygen separation specifisc power 
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Figure 13. Fuel compressio specific power 
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Figure 15. Gas turbine exit temperature 
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Figure 14. Fuel to compressor inlet mass flow rutio 
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Figure 17. HPT cooling to compressor inlet mass flow ratio Figure 18. HPTNGVs cooling to compressorinlel massflow ratio 
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Figure 19. HPT rotor cooling to compressor inlet mass flow ratio 
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Figure 21. LPT cooling to compressor inlet mass flow ratio 
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Figure 20. Number of LPT stages 
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Figure 22. LPT NG Vs cooling to compressor inlet mass flow ratio 
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Figure 23. LPT rotor cooling to compressor inlet mass flow ratio Figure 24. Steam turbine optimum pressures (maximum) 
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Figure 25. Combined cycle thermal efficiency 
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Figure 27. Simple cycle thermud efficiency 
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Figure 26. Combined cyck ideal thermal efficiency 
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Figure 28. Simple cycle ideal thermal efficiency 
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Figure 29. Combined cycle specific power output Figure 30. Combined cycle ideal specific power output 
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Figure 31. Gas turbine specific power output 
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Figure 33. Gas turbine to steam turbine power ratio 
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Figure 32. Steam turbine specific power output 
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Figure 34. Auxiliary (COVArgon, 02 & Fuel) to usefuel power ratio 
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Figure 35. CO21Argon compression specific power Figure 3& Oxygen sepamdon specific power 
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Figure 3 7. Fuel compression specific power 
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Figure 39. Gas turbine exit temperature 
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Figure 38. Fuel to compressor inlet mass flow ratio 
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Figure 40. Number of HPT stages 
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Figure 41. HPT cooling so compressor inlet mass flow ratio Figure 42. HPT NG Vs cooling to compressor inlet mass flow ratio 
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Figure 43. HPT rotor cooling to compressor inks massflow ratio 
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Figure 45. LPT cooling to compressor inks mass flow rado 
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Figure 44. Number of LPT stages 
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Figure 46. LPT NGVs cooling to compressor inlet mass flow ratio 
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Figure 47. LPT rotor cooling to compressor inlet mass flow ratio Figure 48. Steam turbine optimum pressures (maximum) 
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Figure 49. Combined cycle thermal efficiency 
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Figure 51. Simple cycle thernud efficiency 
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Figure 50. Combined cycle ideal thermal efficiency 
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Figure 52. Simple cycle ideal thermal efficiency 
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Figure 53. Combined cycle specific power output Figure54. Combined cycle ideal specific power output 
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Figure 55. Gas turbine specific power output 
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Figure 57. Gas turbine to steam turbine power ratio 
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Figure 56. Steam turbine specific power output 
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Figure 58. AuxiUary (COVArgon, 02 & Fuel) to usefuel power ratio 
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Figure 59. COVArgon compression specific power Figure 60. Oxygen separation specific power 
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Figure 61. Fuel compression specific power 
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Figure 63. Gas turbine exit temperature 
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Figure 62 Fuel to compressor inlet mass flow ratio 
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Figure 64. Number of HPT stages 
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Figure 65. UPT cooling to compressor inlet mass flow ratio Figure 66. HPTNGVs cooling to compressor inlet mass flow ratio 
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Figure 67. HPT rotor cooling to compressor inlet mass flow ratio 
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Figure 69. LPT cooling to compressor inlet mass flow rutio 
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Figure 68. Number ofLPT stages 
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Figure 70. LPT NGVs cooling to compressor inlet mass flow ratio 
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Figure 71. LPT rotor cooling to compressor inlet mass flow ratio Figure 72. Steam turbine optimum pressures (maximum) 
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Figure 73. Combined cycle thermal efficiency 
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Figure 75. Simple cycle thermal efficiency 
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Figure 74 Combined cycle ideal thermal efficiency 
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Figure 76. Simple cycle ideal thermal efficiency 
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Figure 77. Combined cycle specific power output Figure 78. Combined cycle ideal specific power output 
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Figure 79. Gas turbuse specific power output 
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Figure 81. Gas turbine to steam turbine power ratio 
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Figure 80. Steam turbine specific power output 
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Figure 82. Auxiliary (COVArgon, 02 & Fuel) to usefuel power ratio 
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Figure 83. CO21Argon compression specific power Figure 84C Oxygen separadon specific power 
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Figure 85. Fuel compression specs: ftc power 
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Figure 87. Gas turbine exit temperature 
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Figure 86. Fuel to compressor Wet mass flow ratio 
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Figure 88. Number of HPT stages 
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Figure 89. HPT cooling to compressor inlet mass flo- ratio Figure 90. HPTNGVs cooling to compressor inlet massflow ratio 
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Figure 91. HPT rotor cooling to compressor inlet mass flow ratio 
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Figure 93. LPT cooling to compressor inlet mass flow ratio 
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Figure 92. Number of LPT stages 
08-9 
7-8 
6-7 
5-6 
04-5 
03-4 
02-3 
LPTNGVs RELATIVE COOLING BLEED M 
INTERCOOLED, & REGENERA IED, COWAR, FCFC 
6-6.5 
5.5-6 
05-5.5 
114.5-5 
04-4.5 
M 3-5-4 
03-3.5 
Figure 94. LPT NG Vs cooling to compressor inlet mass flow ratio 
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Figure 95. LPT rotor cooling to compressor inlet mass flow ratio Figure 96. Steam turbine optimum pressures (maximum) 
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APPENDIX VI 
COMPLETE PLANT PERFORMANCE 
WITH CRYOGENIC PRECOOLING 
(WORKING FLUID C021ARGON, TET=1650 K) 
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Figure Z Combined cycle ideal thermal efficiency 
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Figure S. Combined cycle specific power output Figure & Combined cycle ideal specific power -tPut 
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COMPLETE PLANT WITH CRYOGENIC PRECOOLING (TF, T=1650 K) 
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Figure 7. Gas turbine specific power output 
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Figure 9. Gas turbine to steam turbine power ratio 
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Figure 8. Steam turbine specific power output 
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Figure 10. Auxiliary (COVArgon, 02 & Fidel) to usefuel power ratio 
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Figure 11. CO21Argon compression specific power Figure 12. Oxygen separation specific power 
345o-, - 
LPC PRESWRE RAJ70 
234 
LPC PRESSURE RA 170 
COMPLEM, PLANT WITH CRYOGENIC PRECOOLING (Th, T=1650 K) 
FUEL COMPRESSION SPECIFIC POWER 
SIMPLE CYCLE+PCý COVARGON, FCFC 
Figure 13. Fuel compressio specific power 
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Figure 15. Gas turbine exit temperature 
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Figure 14. Fuel to compressor inlet mass flow ratio 
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Figure 16. Number of HPT stages 
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Figure 17. HPTcooling to compressor inlet mass flow ratio Figure 18. HPT NG Vs cooling to compressor inlet mass flow ratio 
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Figure 19. HPT rotor cooling to compressor inlet mass flow ratio 
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Figure 21. LPT cooling to compressor inlet mass flow rado 
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Figure 20. Number of LPT s&ageS 
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Figure 22. LPT NG Vs cooling to compressor inlet mass flow ratio 
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Figure 23. LJIF rotor cooling to compressor inlet mass flow ratio Figure 24 Steam turbine optimum pressures (bars) 
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Figure 25. Combined cycle thermal efficiency 
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Figure 27. Simple cycle thermal efficiency 
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Figure 26. Combined cycle ideal thermal efficiency 
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Figure 28. Simple cycle ideal thermal effisciency 
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Figure 29. Combined cycle specific power output Figure 30. Combined cycle ideal specific power ouOut 
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Figure 31. Gas turbine specific power output 
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Figure 33. Gas turbine to steam turbine power ratio 
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Figure 32. Steam turbine specific power oulpat 
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Figure 34. Auxiliary (CO21Argon, 02 & Fuel) to usefuel power ratio 
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Figure 35. CO21Argon compression specific power Figure 36. Oxygen separation specific power 
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Figure 37. Fuel compression specific power 
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Figure 39. Gas turbine exit temperature 
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Figure 38. Fuel to compressor inlet mass flow ratio 
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Figure 40. Number of HPT stages 
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Figure 41. HPT cooling to compressor inlet mass flow ratio Figure 42. HPTNGVs cooling to compresstwinlet massflow ratio 
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Figure 43. HPT rotor cooling to compressor inlet mass flow ratio 
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Figure 45. LPT cooling to compressor inlet mass flow ratio 
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Figure 44. Number ofLPT stages 
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Figure 46. LPT NGVs cooling to compressor inlet mass flow ratio 
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Figure 47. LPT rotor coohng to compressor inlet mass flow ratio Figure 48. Steam turbine optimum pressures (marimum) 
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Figure 49. Combined cycle thermal efficiency 
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Figure 51. Simple cycle thermal efficiency 
00.28-0.3 
0.26-0.28 
0.24-0.26 
00.22-0.24 
0 0.2-0.22 
00,18-0.2 
00.16-0.18 
00.14-0.16 
COMBINED CYCLE SPECIFIC POWER OUTPUT 
REGENERAIED CYCLE+PC, C021ARGON, FCFC 
360-380 
0 0340-360 
l 320-340 a 
co 300-320 
280-300 
260-280 
CL 
0240-260 
0220-240 
ol 
Figure 50. Combined cycle ideal thermal efficiency 
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Figure 52. Simple cycle ideal thermal efficiency 
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Figure 53. Combined cycle speci/k power output Figure54. Combined cycle ideal specific power output 
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Figure 55. Gas turbine specific power ou4m 
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Figure 57. Gas turbine to steam turbine power ratio 
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Figure 56. Steam turbine specific power output 
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Figure 58. Auxifiary (CO21Argon, 02 & Fuel) to usefuel power ratio 
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Figure 59. CO21Argon compression specific power Figure 60. Oxygen separation specific power 
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Figure 61. Fuel compression spec* power 
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Figure 62. Fuel to compressor inlet mass flow ratio 
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Figure 64. Number of HPT stages 
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Figure 65. HPT cooling to compressor inlet mass flow ratio Figure 66. HPTNGVs cooling to compressor inlet mass flow ratio 
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Figure 67. HPT rotor cooling to compressor inlet mass flo- ratio 
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Figure 69. LPT cooling to compressor inlet mass flow ratio 
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Figure 68. Number of LPT stages 
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Figure 70. LPT NG Vs cooling to compressor inlet mass flow ratio 
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Figure 71. LPT rotor cooling to compressor inlet mass flow ratio Figure 72. Steam turbine optimum pressures (maximum) 
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Figure 73. Combined cycle thermal efficiency 
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Figure 76. Simple cycle ideal thermal efficiency 
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Figure 77. Combined cycle specific power output Figure 78. Combined cycle ideal specifw power output 
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Figure 79. Gas turbine specific power oulp&u 
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Figure 81. Gas turbine to steam turbine power ratio 
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Figure 80. Steam turbine specific power ouWal 
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Figure 83. COVArgon compression specific power Figure 84 Oxygen separation specific power 
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COMPLETE PLANT WITH CRYOGENIC PRECOOLING (TET=1650 K) 
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Figure 85. Fuel compression specific power 
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Figure 87. Gas turbine exit temperature (K) 
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Figure 86. Fuel to COMPressor inlet mass flow ratio 
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Figure 88. Number of HPT stages 
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Figure 89. HPT cooling to compressor inlet mass flow ratio Figure 90. HPT NG Vs cooling to compressor inlet mass flow ratio 
LPC PRESSURE RAT10 
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Figure 91. HPT rotor cooling to compressor inlet mass flow ratio 
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Figure 93. LPT cooUAg to compressor inlel mass flow ratio 
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Figure 92. Number of LPT stages 
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Figure. 94. LPT NGVs cooling to compressor inlet mass flow ratia, 
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Figure 95. LPT rotor cooling to compressor inlet mass flow ratio Figure 96. Steam turbine optimum pressures (maximum) 
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APPENDIX VII 
COMPLETE PLANT PERFORMANCE 
WITH CRYOGENIC PRECOOLING AND 
NG Vs NITROGEN INTERNAL COOLING 
(WORK[NG FLUID C021ARGON, TET=1650 K) 
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COMPLETE PLANT WITH CRYOGENIC PRECOOLER & NGVS N2 COOLING (TET=1650 K) 
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Figure 4. Simple cycle ideal thermal efficiency 
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COMPLETEPLANT WITH CRYOGENIC PRECOOLER & NGVs N2 COOLING (TET=1650 K) 
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Figure 7. Gas turbine specific power output 
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Figure 8. Steam turbine specific power output 
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Figure 10. Auxiliary (COVArgon, 02 & Fuel) to usefuel power ratio 
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Figure IL COVArgon compression specific power Figure 12. Oxygen separadon specific power 
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Figure 13. Fuel compression specsfw power 
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Figure 15. Gas turbine exit temperature (K) 
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Figure 17. HPT cooling to compressor inktmassflow ratio Figure 18. HPTNGVs cooling to compressor inlet massflow ratio 
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Figure 19. HPT rotor coohng to compressor inlet mass flow ratio 
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Figure 20. Number of LPT stages 
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Figure 21. LPT cooling to compressor inlet mass flow ratio 
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Figure 22. LPT NGVs cooling to compressor inlet mass flow ratio 
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Figure 23. LPT rotor cooling to compressor inlet mass flow ratio Figure 24. Steam turbine optimum pressures (marimum) 
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Figure 25. Combined cycle thermal efficiency 
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Figure 27. Simple cycle thermal ejykiency 
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Figure 26. Combined cycle ideal thermal efficiency 
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Figure 28. Simple cycle ideal thermal efficiency 
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Figure 29. Combined cycle specific power output Figure 30. Combined cycle ideal specific power output 
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Figure 31. Gas turbine specific power output 
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Figure 33. Gas turbine to steam turbine power ratio 
3.25-3.75 
2.75-3-25 
02.25-2.75 
El 1.75-2.25 
0 1.25-1.75 
M 0.755-1.25 
M0.25-0.75 
C02 COMPRESSION AUXILIARY SPECIFIC POWER 
INIERCOOLED CYCLE+PC, COVARGON, FCFC 
360-75 
a45-60 
330-45 
EI 15-30 
wo-15 
3-15-0 
3-30-15 
STEAM TURBINE SPECIFIC POWER OUTPUT 
INTERCOOLED CYCLE+PC, COVARGON, FCFC 
Figure 32. Steam turbine specific power output 
N 400-450 
0350-400 
E300-350 
13 250-300 
20D-250 
150-200 
1OD-150 
AUXILIARIES TO USEFUL POWER RATIO 
INTERCOOLED CYCLE+PC, COVARGON, FCFC 
Oý43-0.45 
0.41-0.43 
0,39-0.41 
ED 0,37-0.39 
00.35-0.37 
00.33-0.35 
00.31-0.33 
Figure 34. Auxiliary (COVArgon, 02 & Fuel) to mefuel power ratio 
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Figure 35. C021Argon compression specific power Figure 36. Oxygen separation specific power 
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Figure 37. Fuel compression specific ponw 
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Figure 39. Gas turbine exit temperature 
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Figure 38. Fuel to compressor inlet mass flow ratio 
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Figure 40. Number of HPT stages 
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Figure 41. HPT cooling to compressor inlet mass flow ratio Figure 42. HPTNGVs cooling to compressor inlet massflow ratij) 
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Figure 43. HPT rotor cooling to compressor inlet mass flow ratio 
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Figure 45. LPT cooling to compressor inlet mass flow ratio 
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Figure 44. Number of LPT stages 
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Figure 46. LPT NGVs cooling to compressor inlet mass flow ratio 
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Figure 47. LPT rotor cooling to compressor inlet mass flow ratio Figure 48. Steam turbine optimum pressures (marimum) 
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Figure 49. Combined cyck thermal effwiency 
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Figure 50. Combined cycle ideal thermal efficiency 
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Figure 52. Simple cycle ideal thermal efficiency 
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Figure 53. Combined cycle specific power output Figure54. Combined cycle ideal specific power output 
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COMPLETE PLANT WITH CRYOGENIC PRECOOLER & NGVS N2 COOLING (Tl,, T=1650 K) 
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Figure 62. Fuel to compressor inlet mass flow ratio 
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Figure 65. HPT cooling to compressor inlet mass flow ratio Figure 66. HPTNGVs cooling to compressor inlet mass flow ratio 
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Figure 67. MPT rotor cooling to compressor ink( mass flow ratio 
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Figure 69. LPT cooUng to compressor inlet massflow rafio 
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Figure 73. Combined cycle thermal efficiency 
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Figure 77. Combined cycle specific power output Figure 78. Combined cycle ideal specific power output 
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APPENDIX Vill 
EFFECT OF CHANGING THE WORKING FLUID 
(ONE SPOOL - ONE SHAFT) 
EFFECT OF CHANGING THE WORKING FLUID (I SPOOL -I SHAFT) 
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Figure 1. HP compressor surge margin (9c) 
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Figure 3. HP compressor pressure ratio 
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Figure S. HP compressor corrected speed (relative to design) 
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Figure 2. HP compressor adiabatic efficiency 
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Figure 4. HP shaft speed (relative to design) 
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Figure 6. HP compressor exit temperature (K) 
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EFFECT OF CHANGING THE WORKING FLUID (I SPOOL -I SHAFT) 
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Figure 7. HP turbine load coefficient (relative to design) 
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Figure 9. HP turbine corrected speed (relative to design) 
I spool-] shaft confWurudon 
HPT CORRECTED ENTHALPY (RELATIVE TO DES6N) 
1.4CPe'jnl -I -IZ14AFT 
D 
1.2-1.25 
01.15-1,2 
1.05-1.1 
[11-1.05 
0095-1 
00,9-0.95 
0 o. &"-O. g 
Figure 11. HP turbine corrected enthalpy (relative to design) 
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Figure 8. HP turbine flow coefficient (relative to design) 
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Figure 10. HP turbine Maeh number (relative to design) 
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Figure 12. HP turbine exit temperature (K) 
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EFFECT OFCHANGING THE WORKING FLUID (I SPOOL -I SHAFT) 
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Figure 13. Gas turbine inlet atass flow (kg1s) 
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Figure 15. Gas furbine specific power output (k %'Ikgls) 
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Figure 14. Gas turbine exit temperature 
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Figure 16. Gas turbine thermal efficiency 
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Figure 17. Gas turbine power (MR) 
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Figure 1. HP compressor surge margin (%) 
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Figure 3. HP compressor pressure ratio 
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Figure 2. HP compressor adiabatic efficiency 
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Figure 4. HP shaft speed (relative to design) 
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Figure 6. HP compressor exit temperature (K) 
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Figure 7. HP compressor surge margin (%) 
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Figure 25. Gas turbine inlet mass flow (kg1s) 
2 spool -2 shaft configuradox 
SPECFIC POWER OUTPUT 
2 SPOOL-2 SHAFT GAS TURBINE 
c3 
Z 
--, - Z) 
1450 140C 11 300 1250 
SOT (10 
0220-240 
0200-220 
0 180-200 
El 16o- 1 8o 
740-160 
3 225-250 
3200-225 
3 1755-200 
EI 150-175 
,Z 12-5-150: ý 
Figure 2 7. Gas turbiove specific power output (k %'Ikgls) 
2 spool -2 shap configuration 
TURBINE POWER OUTPUT 
2 SPOOL-2 SHAFT GAS TURBINE 
-3 
tu 
,Z3 
LL 
-- -- 0 
1450 1400 13,50 '3ýk 
SOT(10 
040-45 
35-40 
30-35 
025-30 
20-25 
15-20 
GAS TURBINE EXIT TEMPERATURE 
2 SPOOL -2 SHAFT 
8 
10 
e 
CD 
l4bu i 4UU ! 3bU 13UU 1250 
SOT(JO 
Figure 26. Gas turbine exit temperature (K) 
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Figure 28. Gas turbine thermal efficiency 
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Figure 29. Gas turbine power (M14) 
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Figure 13. HP htfMne load coeffacient (reladve to design) 
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Figure 15. HP MAine corrected speed (relative to desigol) 
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Figure 17. HP ttfýhixe corrected exd&alpy (rebtive to design) 
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Figure 14 HP turbineflow coefficient (rel"ve to design) 
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Figure 16. HP turbine Mach number (relative to design) 
2 spool -3 shaft configuration 
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Figure 18. HP turbine exit temperature (K) 
2 spool -3 shaft configuration 
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Figure 19. LP turbine load coefficient (relative to design) 
2 spool -3 shaft configuration 
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Figure 21. LP turbine corrected speed (relative to design) 
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Figure 23. LP turbine correcged exd&Wpy (rr&adve to design) 
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Figure 20. LP turbine flow coefficient (relative to design) 
2 spool -3 shaft configuration 
LPT MACH NUMBER (RELATIVE TO DESGN) 
2 SPOOL -3 SHAFT 
0 
1,02104 
01-1.02 
00.98-1 
El 0,96-0,98 
00940.96 
00.92-0.94 
009-0.92 
Figure 2Z LP turbine Mach number (relative to design) 
2 spool -3 shaft configuration 
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Figure 2A LP turbine exit temperature (K) 
2 spool -3 shaft configuration 
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Figure 25. FP turbine load coefficient (relative to design) 
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Figure 27. FP turbine corrected speed (reiative to design) 
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jFigure 29. FP turbine corrected exthalpy ("Aadve to design) 
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Figure 26. FP turbine flow coefficieng (relative to design) 
2 spool -3 shaft configuradon 
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Figure 28. FP turbine Mach number (relative to design) 
2 spool -3 shaft configuration 
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Figure 30. FP turbine exit temperature (K) 
2 spool -3 shaft configuration 
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EFFECT OFCHANGING THE WORKING FLUID (2 SPOOL -3 SHAFT) 
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Figure 31. Gas turbine inkt mass flow (kg1s) 
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Figure 33. Gas turbine specific power output (k H 1kg1s) 
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Figure 32. Gas turbine exit temperature (K) 
2 spool -3 shaft configuration 
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Figure 34. Gas turbine thermal efficiency 
2 spool -3 shaft confquration 
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Figure 35. Gas turbine power (, WW) 
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